USSN 10/735,345 
Office action dated 02 May 2007 
Response dated 02 July 2007 
Page 4 of 8 

REMARKS/ARGUMENTS 

Claims 1 , 2, 10, 1 1 , and 20 are pending. 

Claim 1 and claim 20 have been amended to include that the subject is suffering 
from BMP-induced osteogenesis characterized by heterotopic ossification, and that human 
noggin SEQ ID N0:2 is for local administration, whereas human noggin mutant SEQ ID 
NO: 10 is for systemic or local administration. Claim 10 has been amended to include that 
human noggin SEQ ID N0:2 is for local administration whereas human noggin mutant SEQ 
ID NO: 10 is for systemic or local administration. Support for the amendments to the claims 
can be found in the claims and specification as filed. Support for the amendments to 
claims 1,10, and 20 can be found, for example, at paragraph [0030]. The amendments to 
the claims add no new matter and place the claims in condition for allowance; thus the 
Examiner is respectfully requested to enter them. 

III. Rejections Under 35 USC § 112, first paragraph. 

The Examiner withdrew the enablement rejection regarding the scope of the noggin 
polypeptides of the claims. Accordingly, this subject matter will not be addressed. 

The Examiner sustained the remaining enablement rejections interposed in the 
Office Action dated 28 November 2006. Briefly, the Examiner asserted that the 
specification does not enable using a noggin polypeptide to affect a patient already 
suffering from a bone disorder. The Examiner also asserted that the prior art teaches that 
noggin may induce increased bone density and bone formation rates, a feature not 
expected of a BMP antagonist, citing Yanagita (2005) Cytokine and Growth Factor Reviews 
16:309-317, 314. The Examiner also asserted that the prior art does not disclose the 
functions of BMPs after birth and thus such functions are unpredictable, and the claims are 
extremely broad because they do not specify the BMP-related disorder to be treated or the 
effect that noggin administration is expected to have. 

Applicants respectfully disagree with the Examiner and refer the Examiner to 
arguments made of record in Applicants' response to the Non-final Office Action dated 28 
November 2006. Applicants submit that the amendments to the claims render the 
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Examiner's rejections moot. Applicants below address the Examiner's rejections to the 
extent that they might be applied to the amended claims. 

Applicants respectfully disagree with the Examiner that "[n]o working examples 
directed to protein therapy of patients already suffering from FOP or any other BMP-related 
disorder are provided." (Office Action of 28 November 2006, page 3, final paragraph). 

A working model of a BMP disorder is presented in the specification as filed. The 
specification presents a percutaneous bone induction model of BMP-induced osteogenesis 
used to evaluate the effectiveness of noggin as an inhibitor of heterotopic ossification (see, 
e.g., paragraph [0030]) that reproduces the characteristic stages of rhBMP-induced 
endochondral bone formation and mimics all the stages of heterotopic ossification seen 
during ectopic bone induction in FOP (see, e.g., paragraph [0030]). The model presents 
inflammatory and angiogenic, fibroproliferative stages as well as mineralization of the 
cartilage matrix and mature heterotopic bone growth with marrow elements (see, e.g., 
paragraph [0031]). The Examiner has not provided any rational basis as to why the above- 
mentioned model would not be understood by a person of ordinary skill as a model for FOP 
and/or a BMP-related disorder. The Examiner has not provided any rational basis, has 
made no findings regarding whether the model mimics FOP, and has not asserted that the 
model described in the specification is an unacceptable model for FOP. The Examiner has 
not provided any rational basis, has made no findings regarding the role of BMP in the 
model, and has not asserted that the model does not represent a BMP-related disorder. 

Treatment of the BMP disorder described above, by systemic (intraperiotoneal) and 
local administration oi noggin protein, is disclosed in the specification (see, e.g., 
paragraph [0032]). Local administration of noggin protein was effective, whereas 
systemic administration was not (see Id.). Systemic administration of noggin is ineffective 
due to its poor bioavailability and low half-life (see paragraph [0033]). 

The inventors of the pending claims presented an example of successful treatment 
of the BMP disorder by systemic administration of human noggin mutant protein 
hNOGAB2 (SEQ ID NO: 10), which deletes the heparin-binding domain of human noggin 
(see, for example, paragraph [0034]). The specification discloses in this example that 



5 



USSN 10/735,345 
Office action dated 02 May 2007 
Response dated 02 July 2007 
Page 6 of 8 

administration of intraperitoneal injection of the mutant noggin protein of the pending claims 
resulted in longer half-life and improved bioavailability over wild type human noggin. 

Thus, the specification provides evidence that (1) noggin protein administered 
locally effectively inhibited BMP-induced heterotopic ossification (paragraph [0032]); (2) 
noggin protein systemically administered has a low half-life and low bioavailability due to 
its heparin-binding function (paragraph [0033]) but that a mutant noggin protein lacking a 
heparin-binding domain displayed improved half-life and higher bioavailability than wild- 
type noggin (paragraph [0033] and [0034]). The Examiner has not indicated any 
reasonable basis to doubt the veracity of these examples. 

The Examiner has not articulated a reasonable basis to question the veracity of 
Applicants' enablement of a method for treating BMP-induced osteogenesis characterized 
by heterotopic ossification using the recited antagonists of the claims (/.e., noggin and 
mutant noggin). No reasonable basis has been articulated by the Examiner that would call 
into question the ability of the recited noggins to treat rather than prevent the recited 
disorder. Applicants submit that the Examiner's mere disbelief— absent a clearly 
articulated reasonable basis — is insufficient to support the enablement rejection. 
Regarding the Examiner's reliance on Glaser's finding (Glaser (2003) The Journal of Bone 
and Joint Surgery 85-A/1 2:2332-2342) that systemic administration of noggin is not 
effective in preventing BMP4-induced heterotopic ossification, this observation has no 
bearing on efficacy of local administration using noggin, or on efficacy of systemic 
administration using the claimed noggin mutant, as taught by Applicants' own specification 
(see, e.g., paragraphs [0032]-[0033]). Accordingly, Applicants' reliance on Glaser to 
support a nonenablement rejection is misplaced. 

Applicants respectfully submit that the Examiner has mischaracterized the Yanagita 

reference (Yanagita (2005) Cytokine & Growth Factor Reviews 16:309-317. Yanagita 

expressly endorses that 

Noggin antagonizes the action of BMPs ... [njoggin binds to 
BMP-2 and BMP-4 with high affinity and BMP-7 with low affinity, 
and prevents BMPs from binding to its receptors. 
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[t]ransgenic mice overexpressing noggin in mature osteocalcin- 
positive osteoblasts showed dramatic decreases in bone 
mineral density and bone formation rates. 

Yanagita at page 313-314, citations omitted, Yanagita notes that noggin belongs to the 
class of BMP antagonists (Yanagita at pages 309-310). Accordingly, Yanagita could not 
provide a reasonable basis to doubt the veracity of the enablement of the pending claims. 

Based on the examples described above, the inventors transfered the structural 
gene for the noggin mutant lacking the heparin-binding domain into a mouse using an 
adenoviral construct to demonstrate how noggin protein delivered through gene therapy 
could prevent BMP-induced heterotopic ossification in a mouse (see, e.g., paragraph 
[0035] and Example 6). Examples in the specification describe the efficacy of the approach 
of generating mutant noggin protein in vivo retrovirally in an implant model to prevent BMP- 
mediated heterotopic ossification. The Examiner has not articulated a reasonable basis as 
to why exogenously introduced noggin or mutant noggin protein would not inhibit or prevent 
the process of heterotopic ossification mediated by BMP, regardless of whether the noggin 
or mutant noggin was introduced by injection or retrovirally, and regardless of what stage 
(e.g., histologic stages 1A, IB, 1C, 2A, 2B, or 2C; specification at paragraph [0030]) the 
noggin or mutant noggin was introduced. Accordingly, Applicants submit that there is no 
reasonable basis to doubt the enablement of the claimed method of treating a BMP- 
induced osteogenesis characterized by heterotopic ossification using the recited noggin 
proteins. 

The Examiner indicated that she would consider evidence of data wherein noggin 
polypeptides are used to treat BMP-related disorders in subjects suffering from BMP- 
related disorders. Applicants provide as exhibits the following publications: 

(1) Hannalla et al. (2004) The Journal of Bone and Joint Surgery 86-A(1) 80-91), 
attached as Exhibit A, which shows that exogenously added noggin protein in mice will 
inhibit heterotopic ossification following Achilles tenotomy (page 85, right column), and 
which shows that some heterotopic ossification can occur but the amount is influenced by 
the presence of noggin (page 89, left column, first full paragraph), indicating that noggin 
can not only prevent heterotopic ossification but also retard its progress; 
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(2) Lories et al. (2005) The Journal of Clinical Investigation 1 15(6):1571-1579, 
attached as Exhibit B, which shows that exogenously added noggin in a mouse model of a 
heterotopic ossification disorder (ankylosis) that mimics endochondral bone formation (see 
page 1576, left column, first full paragraph); 

(3) Warren et al (2003) Nature 422:625-629, attached as Exhibit C, which shows 
noggin's role in ongoing bone development and the possibility of using noggin 
therapeutically in post-natal skeletal development (see final sentence on page 628, left 
column, before "Methods"); and 

(4) Rosenberg, L (2003) The Journal of Bone and Joint Surgery 85-A(Suppl 3): 1-2, 
attached as Exhibit D, which describes new therapeutic approaches to human BMP-related 
disease by administration of noggin (page 1, right column, final two paragraphs); and 

(5) Devlin et al (2003) Endocrinology 144(5):1 972-1 978. attached as Exhibit E. 
which describes a noggin transgene under control of the osteocalcin promoter, which 
exhibited phenotypes in post-natal animals that are in agreement with what would be 
predicted from blocking the known effects of BMPs (see, e.g., page 1976, right column). 

Conclusion 

It is believed that this document is fully responsive to the Final Office Action mailed 
02 May 2007. In light of the above, it is believed that the claims are in condition for 
allowance, and such action is respectfully urged. 
Fees 

It is believed that no fee is due with the submission of this response. In the event it 
is determined that a fee is due, the Commissioner is hereby authorized to charge Deposit 
Account Number 18-0650 for the amount of that fee. 



Respectfully submitted 




Tor Smeland Ph.D., Reg. No. 43.131 
Regeneron Pharmaceuticals, Inc. 
777 Old Saw Mill River Road 
Tarrytown, New York 10591 
(914) 345-7435 (direct) 
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Retroviral Delivery of Noggin 
Inhibits the Formation of Heterotopic 
Ossification Induced by BMP-4, 

Demineralized Bone Matrix, 
AND Trauma in an Animal Model 

By David Hannallah, MD, MSc, Hairong Peng, MD, PhD, Brett Young, BSc, 
Arvydas Usas, MD, Brian Gearhart, BSc, and Johnny Huard, PhD 

Investigation performed at the Department of Orthopaedic Surgery, University of Pittsburgh, School of Medicine, Pittsburgh 
and the Growth and Development Laboratory, Children's Hospital of Pittsburgh, Pittsburgh, Pennsylvania 



Background: The heterotopic ossification of muscles, tendons, and ligaments Is a common problem faced by ortho- 
paedic surgeons. We investigated the ability of Noggin (a BMP [bone morphogenetic protein] antagonist) to inhibit het- 
erotopic ossification. 

Methods: Part 1: A retroviral vector carrying the gene encoding human Noggin was developed and used to transduce 
muscle-derived stem cells. Part 2: Cells transduced with BMP-4 were implanted into both hind limbs of mice along 
with either an equal number, twice the number, or three times the number of Noggin-expressing muscle-derived stem 
cells (treated limb) or with nontransduced muscle-derived stem cells (control limb). At four weeks, the mice were killed 
and radiographs were made to look for evidence of heterotopic ossification. Part 3: Eighty milligrams of human dem- 
ineralized bone matrix was implanted into the hind limbs of SCID (severe combined immunodeficiency strain) mice 
along with 100,000, 500,000, or 1,000,000 Noggin-expressing muscle-derived stem cells (treated limbs) or nontrans- 
duced muscle-derived stem cells (control limbs). At eight weeks, the mice were killed and radiographs were made. 
Part 4: Immunocompetent mice underwent bilateral Achilles tenotomy along with the implantation of 1,000,000 Noggin- 
expressing muscle-derived stem cells (treated limbs) or nontransduced muscle-derived stem cells (control limbs). At 
ten weeks, the mice were killed and radiographs were made. 

Results: Part 1: An in vitro BMP inhibition assay demonstrated that Noggin was expressed by muscle-derived stem 
cells at a level of 280 ng per million cells per twenty-four hours. Part 2: Three varying doses of Noggin-expressing 
muscle-derived stem cells inhibited the heterotopic ossification elicited by BMP-4-expressing muscle-derived stem 
cells. Heterotopic ossification was reduced in a dose-dependent manner by 53%, 74%, and 99%, respectively (p < 
0.05). Part 3: Each of three varying doses of Noggin-expressing muscle-derived stem cells significantly Inhibited the 
heterotopic ossification elicited by demineralized bone matrix. Heterotopic ossification was reduced by 91%. 99%. 
and 99%. respectively (p < 0.05). Part 4: All eleven animals that underwent Achilles tenotomy developed heterotopic 
ossification at the site of the injury in the control limbs. In contrast, the limbs treated with the Noggin-expressing 
muscle-derived stem cells had a reduction in the formation of heterotopic ossification of 83% and eight of the eleven 
animals had no radiographic evidence of heterotopic ossification (p < 0.05). 

Conclusions: The delivery of Noggin mediated by muscle-derived stem cells can inhibit heterotopic ossification 
caused by BMP-4, demineralized bone matrix, and trauma in an animal model. 

Clinical Relevance: Gene therapy to deliver Noggin may become a powerful method to inhibit heterotopic ossifica- 
tion in targeted areas of the body. 



The heterotopic ossification of muscles, tendons, and lig- 
aments can be a problem following trauma, neurologic 
injury, severe burns, and elective surgery and in certain 



diseases such as fibrodysplasia ossificans progressiva' ". Re- 
ports of radiographic heterotopic ossification following total 
hip arthroplasty have ranged from 15% to 90% of patients, 
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with 1% to 27% of patients reporting clinically important 
pain and loss of motion^^ The prevalence of heterotopic ossifi- 
cation associated with all burn injuries has ranged between 
1% and 3% but can be as high as 35% for larger, more severe 
bums'**'" ". The development of heterotopic ossification after 
spinal cord injury has been reported in 16% to 53% of pa- 
tients, one-third of whom had clinically important manifesta- 
tions'^**. Heterotopic ossification has also been reported in 
nonskeletal tissues such as the gastrointestinal tract'^ 

While the exact etiology of heterotopic ossification re- 
mains unclear, it is possible that the overexpression of cer- 
tain bone morphogenetic proteins (BMPs), such as BMP-2 
and BMP-4, plays a role in heterotopic ossification formation. 
It has been demonstrated that the addition of BMPs to normal 
skeletal muscle can induce heterotopic ossification"^^'. BMP-4, 
in particular, seems to be upregulated in diseases such as fi- 
brodysplasia ossificans progressiva, a rare autosomal domi- 
nant disease characterized by the progressive ossification of 
skeletal muscle, ligaments, and tendons""'. 

In addition to overactive BMP, the downregulation of 
growth factors such as Noggin, a BMP antagonist, may con- 
tribute to heterotopic ossification". Some patients with fi- 
brodysplasia ossificans progressiva have been found to have 
mutations in the Noggin gene, and mice with deletions of the 
Noggin gene develop many features similar to those of fibro- 
dysplasia ossificans progressiva"'^^ 

We hypothesized that heterotopic ossification may be 
inhibited by the local delivery of Noggin to tissue predisposed 
to form heterotopic ossification. To test our hypothesis, we 
developed a retroviral vector carrying the gene encoding Nog- 
gin. The vector was used to transduce skeletal muscle -derived 
stem cells" and then was tested against three different models 
of heterotopic ossification formation (BMP-4, demineralized 
bone matrix, and trauma), all of which previously have been 
shown to induce heterotopic ossification'^*^" Specifically, we 
evaluated the in vivo ability of Noggin-expressing muscle- 
derived stem cells to prevent BMP-4-expressing muscle-derived 
stem cells fi-om forming heterotopic ossification. We also tested 
the Noggin-expressing muscle-derived stem cells against demin- 
eralized bone matrix. Finally, we investigated the ability of the 
Noggin-expressing muscle-derived stem cells to block hetero- 
topic ossification in immunocompetent mice subjected to 
Achilles tenotomy, a traumatic animal model of heterotopic 
ossification initially described by Buck in 1953" and later sub- 
stantiated by McClure" and Rooney et al.". 

Materials and Methods 

Part 1: Development of a Retroviral Vector 
and Genetic Engineering of Muscle-Derived 

Stem Cells to Express Noggin 

Polymerase chain reaction-amphfied Noggin human cDNA 
was cloned into a murine leukemia virus-based retroviral 
vector pCLX at the Not I and Bgl II sites, resulting in pCLNog. 
pCLX had been previously created from pLXSN (obtained 
from A. Dusty Miller of Fred Hutchinson Cancer Research Cen- 
ter, Seattle, Washington) by removing the SV40 promoter and 
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the neomycin resistance gene, and replacing the U3 in the 5' 
LTR with the human cytomegalovirus promoter as described 
by Peng et al.'*-"'. 

The CLNog vector DNA was converted into replication 
defective retrovirus by cotransfection, with calcium-phosphate 
precipitation, into a packaging cell line GP-293 (Clontech, 
Palo Alto, California) with a plasmid, pVSVG, that expressed 
vesicular stomatitis virus glycoprotein as the viral envelope'**^'. 
The conditioned medium containing the retrovirus expressing 
Noggin (RetroNog) was centrifiiged at 3000 rpm for five min- 
utes to remove cellular debris and then was stored at -80**C in 
small ahquots until use. 

RetroNog was used to transduce muscle- derived stem 
cells that had been isolated previously with use of the preplate 
technique^*-^', which separated the muscle -derived cells into six 
different populations (PPl to PP6) according to their ability to 
adhere to type-I collagen-coated flasks. The specific muscle- 
derived stem cells used in this experiment are a clonal popula- 
tion of PP6 cells, termed mcl3 cells, that display the capacity to 
differentiate into both myogenic and osteogenic lineages in 
vitro and in vivo". The mcl3 cells used in this experiment were 
at passage 14 and were found to be nontumorigenic as pre- 
viously described". The cells were grown in culture medium 
made from Dulbecco modified Eagle medium, 10% fetal bo- 
vine serum, 10% horse serum, and 1% L-glutamine, The isola- 
tion and extensive characterization of mcl3 cells have been 
previously reported". After transduction, the muscle-derived 
stem cells were tested for the ability to express Noggin with use 
of an in vitro BMP-4 inhibition alkaline phosphatase assay. Se- 
rial dilutions of conditioned media, taken from flasks contain- 
ing Noggin-expressing muscle-derived stem cells, were used to 
inhibit the ability of BMP-4 to activate alkaline phosphatase in 
C2C12 cells (CRL-1772; American Type Culture Collection. 
Manassas, Virginia), a mouse myoblast cell line*"*'. The C2C12 
cells were used for the bioassay because of their ability to ex- 
press alkaline phosphatase in a dose-dependent manner in re- 
sponse to BMP-4 stimulation^^ Each BMP-4 inhibition alkaline 
phosphatase assay was performed in triplicate, and the average 
number of positive cells was used to calculate the concentra- 
tion of Noggin expressed by the muscle-derived stem cells. 
Known amounts of recombinant mouse Noggin (R and D Sys- 
tems, Minneapolis, Minnesota) were used as a control 

Part 2: In Vivo Evaluation of the 
Ability of Noggin to Inhibit Heterotopic 
Ossification Induced by BMP-4 

Next, we evaluated tfie capacity of the Noggin-expressing 
muscle-derived stem cells engineered in Part 1 to inhibit the 
ability of BMP-4-expressing muscle- derived stem cells to 
form heterotopic ossification. The BMP-4-expressing muscle- 
derived stem cells used in this experiment previously have 
been shown to induce heterotopic ossification formation and 
secrete BMP-4 at a level of 115 ng per million cells every 
twenty-four hours"'". These prior studies also showed that the 
resultant heterotopic ossification was attributable to the BMP- 
4 secretion and not to the vector itself, since the control retro- 
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Limbt (mm^) 
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Limbt (mm^) 


Reduction 
of Area 


A 5 


1:1 


1:2.4 


200,000 BMP-4- 
expressing MDSC 
and 200.000 
nontransduced 
MDSC 


200,000 BMP-4. 
expressing MDSC 
and 200,000 
Noggin-expressing 
MDSC 
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B 6 


1:2 


1:4.8 


200,000 BMP-4- 
expressing MDSC 
and 400,000 
nontransduced 
MDSC 


200,000 BMP-4- 
expressing MDSC 
and 400,000 
Noggin-expressing 
MDSC 


19.83 ± 5.46 


5.07 ± 6.52 


74% 


C 5 


1:3 


1:7.2 


200,000 BMP-4- 
expressing MDSC 
and 600,000 
nontransduced 
MDSC 


200,000 BMP-4- 
expressing MDSC 
and 600,000 
Noggin-expressing 
MDSC 


26.21 ± 11.25 


0.29 ± 0.64 


99% 


*The difference between the treated and control limbs with respect to the formation of heterotopic ossification reached significance for 
groups A, B, and C (p < 0.05). The dose-dependent nature of the inhibition also reached significance between groups B and C as well as be- 
tween groups A and C (p < 0.05). tMDSC = muscle-derived stem cells. tThe values are given as the mean and the standard deviation. 



viral vector expressing only the marker gene (LacZ) did not 
elicit any heterotopic ossification formation" 

On day 0, 5 x 5 x 2-mm biodegradable collagen sponges 
(Gelfoam; Pharmacia and Upjohn, Peapack, New Jersey) were 
loaded vwth either BMP-4-expressing muscle-derived stem cells 
and Noggin-expressing muscle-derived stem cells or BMP- 
4-expressing muscle-derived stem cells and nontransduced 
muscle-derived stem cells as outlined in Table I, The ratio of 
BMP-4-expressing muscle-derived stem cells to Noggin- 
expressing muscle-derived stem cells was 1:1 in group A, 1:2 
in group B, and 1:3 in group C. Since the BMP-4-expressing 
muscle-derived stem cells and the Noggin-expressing muscle- 
derived stem cells did not express their transgenes at the same 
level, Table I also shows the ratio of BMP-4 to Noggin protein. 
The collagen sponges were then incubated overnight at 37°C 
in culture medium. 

On day 1, eighteen immunocompetent inbred mice 
(C57BL16J; Jackson Laboratories, Bar Harbor, Maine) were 
anesthetized with use of an intraperitoneal injection of 3 mg 
of ketamine and 0.3 mg of xylazine. A posterior approach to 
the femur was used to develop a pocket in the hamstring 
muscle on both the left and right sides. The surgeon was then 
handed one of the 5 x 5 x 2 -mm collagen sponges that had 
been prepared the previous day. The sponge was briefly im- 
mersed in Hanks balanced salt solution to wash away any pro- 
teins from the culture medium, and then it was inserted into 
the appropriate pocket created in the mouse limb. Each mouse 
received a sponge from the control group on one side and a 
sponge from the treatment group on the contralateral side. 
The surgeon was blinded with regard to which limb received 
which sponge during the surgery. Care was taken not to cross- 



contaminate the treatment sponges with the control sponges. 
The skin was closed with use of 4-0 Prolene nonabsorbable su- 
ture (Ethicon, Somerville, New Jersey). 

At four weeks after the surgery, the mice were killed and 
both lower extremities were removed by cutting across the 
proximal part of the femur. The skin was carefully removed 
without disrupting any of the musculature, and radiographs 
of the limbs were made with use of a Faxitron x-ray cabinet 
(Faxitron X-Ray, Wheeling, Illinois) for forty seconds at 40 
kVp to look for evidence of heterotopic ossification. The ra- 
diographs were digitized at a resolution of 2400 pixels/in (945 
pixels/cm), and the amount of heterotopic ossification for- 
mation was measured with use of the National Institutes of 
Health imaging software to calculate the two-dimensional area 
of the heterotopic ossification. After the radiographs were 
made, both thighs were flash -frozen in 2-methylbutane pre- 
cooled in liquid nitrogen and then were sectioned into \0-^m 
sections with use of a cryostat (Microm, Waldorf, Germany). 
Histological analysis with von Kossa staining followed by he- 
matoxylin and eosin staining*^ was performed to evaluate for 
heterotopic ossification; however, no attempt was made to 
distinguish different populations of cells with use of cell- 
specific markers. The interval between killing the mice and 
flash-freezing the specimens was approximately one hour, 
during which time the specimens were maintained in cooled 
Dulbecco phosphate-buffered solution. All comparisons be- 
tween treated and untreated limbs were made in the same ani- 
mals so that animal-to-animal variations in the ability to form 
heterotopic ossification would not affect the results. The sig- 
nificance between the treated and untreated limbs was deter- 
mined with use of a paired two-tailed t test. The significance 
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Area of Heterotopic Ossification 


*■ 


No. of 

Group Mice 


Implants Used 
in Control LimbT 


Implants Used 
in Trpalpri Limb+ 


Control 
Limbf (mm^) 


Treated 
Limbt (mm^) 


Reduction 

\ji Mica 


A 5 


80 mg human 
demlnerallzed bone 
matrix and 100,000 
nontransduced MDSC 


80 mg human 
demlnerallzed bone 
matrix and 100,000 
Noggin-expressing MDSC 


42.71 ± 15.33 


3.97 ± 4.88 


91% 


B 5 


80 mg human 
demlnerallzed bone 
matrix and 500,000 
nontransduced MDSC 


80 mg human 
demlnerallzed bone 

matrix and 500,000 
Noggin-expressing MDSC 


27.47 ± 5.27 


0.16 ± 0.36 


99% 


C 4 


80 mg human 
demlnerallzed bone 
matrix and 1,000,000 
nontransduced MDSC 


80 mg human 
demineralized bone 
matrix and 1,000,000 
Noggin-expressing MDSC 


32.94 ± 9.7 


0.28 ± 0.56 


99% 


*The difference between treated and control limbs with respect to the formation of heterotopic ossification reached significance in groups A, 
B, and C (p < 0.05). The effect of varying the dose of Noggin, however, did not reach significance. fMDSC = muscle-derived stem cells. fThe 
values are given as the mean and the standard deviation. 



between the different doses of Noggin was determined with 
use of a general linear model. 

Part 3: In Vivo Evaluation of the Ability 
of Noggin to Block Heterotopic Ossification 
Induced by Demineralized Bone Matrix 
On day 0, 5 x 5 x 2 -mm biodegradable collagen sponges (Gel- 
foam; Pharmacia and Upjohn) were loaded with either 100,000 
(group A), 500,000 (group B), or 1,000,000 (group C) Noggin- 
expressing muscle-derived stem cells or nontransduced muscle- 
derived stem cells as outiined in Table II. The sponges were 
then incubated overnight at 37°C in culture medium. 

On day 1, a pocket was developed in the hamstring mus- 
cles of fifteen SCID (severe combined immunodeficiency strain) 
mice with use of the same approach to the femur as described in 
Part 2. All mice had 80 mg of human demineralized bone ma- 
trbc (Osteotech, Eatontown, New Jersey) placed into both the 
left and right thighs. No carrier was used for the demineralized 
bone matrix. In addition, each mouse received a collagen 
sponge from the control group on one side and a collagen 
sponge from the treatment group (Noggin-expressing musde- 
derived stem cells) on the contralateral side. The sponges were 
briefly rinsed in Hanks balanced salt solution and then were 
placed into the developed hamstring pocket, on top of and in 
direct contact with the demineralized bone matrix. The surgeon 
was blinded with regard to which limb received which sponge 
(a control sponge or one containing Nog^-expressing cells) 
during the surgery. Care was taken not to cross-contaminate the 
treatment sponges with the control sponges. The skin was 
closed with use of 4-0 Prolene nonabsorbable suture (Ethicon). 

At eight weeks after surgery, the mice were killed. The 
Umbs were harvested, radiographs were made, and then the 
Hmbs were flash-frozen for histological analysis as described 
in Part 2. The amount of heterotopic ossification was calcu- 
lated as described in Part 2. 



Part 4: In Vivo Evaluation of the 
Ability of Noggin to Inhibit Heterotopic 
Ossification After Achilles Tenotomy 

On day 0, 5 x 5 x 2-mm biodegradable collagen sponges 
(Gelfoam; Pharmacia and Upjohn) were loaded with either 
1,000,000 Noggin-expressing muscle-derived stem cells (treat- 
ment group) or with 1,000,000 nontransduced muscle-derived 
stem cells (control group). The sponges were then incubated 
overnight at 37°C in culture medium. 

On day 1, eleven mice underwent bilateral midpoint 
Achilles tenotomy through a posterior approach. In addition, 
a pocket was developed in the triceps surae. The sponges that 
were prepared the previous day were briefly rinsed in Hanks 
balanced salt solution and then inserted into the developed 
mouse pocket. Each mouse received a sponge from the control 
group on one side and a sponge from the treatment group on 
the contralateral side. The surgeon was blinded with regard to 
which limb received which sponge (a control sponge or one 
containing Noggin -expressing cells) during the surgery. Care 
was taken not to cross-contaminate the treatment sponges 
with the control sponges. The skin was closed with use of 4-0 
Prolene nonabsorbable suture (Ethicon). 

At ten weeks after surgery, the mice were killed. The 
limbs were harvested, radiographs were made, and then the 
limbs were flash- frozen for histological analysis as described 
in Part 2. The amount of heterotopic ossification was calcu- 
lated as described in Part 2. 

Results 

Part 1: In Vitro Evaluation of the Noggin- 
Expressing Muscle- Derived Stem Cells 

The BMP-4 alkaline phosphatase inhibition assay dem- 
onstrated the ability of the Noggin-expressing muscle- 
derived stem cells to inhibit BMP-4 in vitro. The number of 
assayed C2C12 cells that expressed alkaline phosphatase is 
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Area of Heterotopic Ossification* 


Implants Used 
No. of Mice In Control Limbt 


Implants Used 
in Treated Limbt 


Control Treated Reduction 

Limbf (mm^) Limbt (mm^) of Area 


11 Achilles tenotomy and 

1,000,000 nontransduced 
MDSC 


Achilles tenotomy and 
1,000,000 Noggin-expressing 
MDSC 


0.53 ± 0.3 0.09 ± 0.2 83% 


*The difference between the treated and control limbs with respect to the formation of heterotopic ossification reached significance 
(p < 0.05). tMDSC - muscle-derived stem cells. fThe values are given as the mean and the standard deviation. 



shown in Figure 1 as a percentage of the number of cells that ex- 
pressed alkaline phosphatase when ejcposed only to BMP-4 and 
not to Noggin. Varying ratios of BMP-4 to Noggin are shown. 
When the ratio of BMP-4 to Noggin-expressing cells was 1:1, 
only 17% of the assayed C2C12 cells were positive for alkaline 
phosphatase (an 83% reduction). This reduction fell to 36% 
when the ratio of BMP-4 to Noggin was increased to 16:1 
(1:0.0625). A dose-dependent effect was observed since the re- 
duction in alkaline phosphatase activity, mediated by Noggin, 
decreased as the ratio of BMP-4 to Noggin increased (Fig. 1 ). By 
comparing the results of the No^in-expressing muscle-derived 
stem cells to the Noggin protein control, the calculated concen- 
tration of Noggin secreted by the muscle-derived stem cells was 
280 ng per million ceDs every twenty-four hours. In other 
words, the inhibitory efi'ect of one million Noggin-expressing 
muscle-derived stem cells on BMP-4 was comparable with add- 
ing 280 ng of purified Noggin protein to the BMP-4-expressing 
cells once every twenty-four hours. 

Part 2: In Vivo Evaluation of the 
Ability of Noggin to Inhibit Heterotopic 
Ossification Induced by BMP-4 

Two mice (one from group A and one from group B) died be- 
cause of anesthetic complications during the immediate post- 
operative period. At four weeks after surgery, the remaining 



sixteen mice displayed radiographic evidence of heterotopic 
ossification formation in the untreated limbs. The treated 
limbs, however, exhibited significantly less heterotopic ossifi- 
cation formation with a 53%, 74%, and 99% reduction in the 
two-dimensional area of heterotopic ossification for groups A, 
B, and C, respectively (Table I). The differences between the 
treated and untreated limbs reached significance in each 
group (p = 0.0003 for group A, p = 0.002 for group B, and p = 
0.007 for group C), as did the differences between groups B 
and C (p = 0.0273) and groups A and C (p = 0.0246). When 
the ratio of BMP-4-expressing muscle-derived stem cells to 
Noggin-expressing muscle-derived stem cells was 1:3 (group 
C), only one of the five mice had any radiographic evidence of 
heterotopic ossification in the treated limbs. The results are 
summarized in Table I, and representative radiographs are 
shown in Figure 2. The collagen sponge had been absorbed by 
the time the mice were killed and thus was not present in any 
of the histologic sections. 

Part 3: In Vivo Evaluation of the Ability 
of Noggin to Block Heterotopic Ossification 
Induced by Demineralized Bone Matrix 
One mouse from group C died because of anesthetic compli- 
cations during the immediate postoperative period. At eight 
weeks after surgery, the remaining fourteen mice displayed 
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Fig. 1 

Results of an in vitro alkaline phos- 
phatase BMP-4 Inhibition assay. The 
number of cells that expressed alkaline 
phosphatase is shown as a percentage 
of the control cells (BIVlP-4 without Nog- 
gin). When the ratio of BMP-4 to Noggin 
was 1:1, only 17% of the cells were pos- 
itive for alkaline phosphatase (an 83% 
reduction). This inhibition fell (36% of 
the cells were positive) when the ratio of 
BMP-4 to Noggin was 16:1 (1:0.0625). 
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BMP-4 

(control limb) 



BMP-4 with noggin 
(treated limb) 



Fig. 2 

Radiographs made four 
weeks after placement of 
BMP-4-expressing muscle- 
derived stem cells and non- 
transduced muscle-derived 
stem cells in the control 
limb (left) and BMP-4- 
expresslng muscle-derived 
stem cells and Noggin- 
expressing muscle-derived 
stem cells in the treated 
limb (right). The ratio of 
BMP-4 to Noggin was 1:1 
in panels A and B and 1:3 
in panels C and D. Arrows 
identify areas of hetero- 
topic ossification. 



1:1 ratio 
of 

BMP-4: noggin 



1:3 ratio 
of 

BMP-4:noggin 




D 



radiographic evidence of heterotopic ossification in the un- 
treated limbs. Significantly less heterotopic ossification was 
observed in the treated limbs, however, with 91%, 99%, and 
99% less heterotopic ossification in each of the three groups, 
respectively (p = 0.004 for group A, p = 0.0004 for group B, 
and p = 0.006 for group C). Furthermore, only one of the 
five animals in group B and one of the four animals in group 
C had any evidence of heterotopic ossification formation in 
the treated limb. The differences between the outcomes of 
groups A, B, and C did not reach significance — i.e., the dif- 
ferent doses of Noggin did not behave significantly differ- 
ently from one another. The results are summarized in Table 
II, representative radiographs are shown in Figure 3, and 
cross sections with von Kossa staining for calcium deposits 
followed by hematoxylin and eosin staining are shown in 
Figure 4. The collagen sponge had been absorbed by the time 



the mice were killed and thus was not present in any of the 
histologic sections. 

Part 4: In Vivo Evaluation of the Ability 
of Noggin to Inhibit Heterotopic 
Ossification After Achilles Tenotomy 

At ten weeks following the Achilles tenotomy, all eleven mice 
displayed radiographic evidence of heterotopic ossification in 
the untreated limbs at the proximal stump of the cut Achilles 
tendon. In the treated limbs, however, eight of eleven mice 
had no radiographic evidence of heterotopic ossification at 
the proximal end of the cut tendon. The overall reduction in 
heterotopic ossification for all eleven mice was 83% (p = 
0.0007). The results are summarized in Table III. Representa- 
tive radiographs made at ten weeks after surgery are shown in 
Figure 5, and cross sections with von Kossa staining for cal- 
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DBM 
(control limb) 



DBM & noggin 
(treated limb) 



100,000 
Cells 



500,000 
Cells 



1,000,000 
CeUs 




Fig. 3 

Radiographs made eight 
weeks after bilateral Implarv 
tation of 80 mg of human de- 
mineralized bone matrix in 
the hind limbs of SCID {se- 
vere combined Immunodefi- 
ciency strain) mice. The limbs 
treated with Noggirhexpressing 
muscle-derived stem cells 
showed less bone formation 
(panels B, D, and F). A: 80 
mg demineralized bone ma- 
trix with 100,000 nontrans- 
duced muscle-derived stem 
cells. B: 80 mg demineralized 
bone matrix with 100,(X)0 
Noggirhexpressing muscle- 
derived stem cells. C: 80 mg 
demineralized bone matrix 
with 500,000 nontrans- 
duced muscle-derived stem 
cells. D: 80 mg demineralized 
bone matrix with 500,000 
Noggin-expressing muscle- 
derived stem cells. E: 80 mg 
demineralized bone matrix 
with 1,000,000 nontrans- 
duced muscle-derived stem 
cells. F; 80 mg demineralized 
bone matrix with 1,000,000 
Noggin-expressing muscle- 
derived stem cells. 
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Fig. 4 



Sections of muscle obtained eight weeks after implantation of demineralized bone matrix (DBM) and stained with von Kossa stain followed 
by hematoxylin and eosin (original magnification, x40). Muscle (stained red) Is seen on the periphery surrounding the demineralized bone 
matrix (DBM) in the middle of the field (stained pink). A: A control limb in which demineralized bone matrix was implanted with 500,000 
nontransduced muscle-derived stem cells showing ossification of the demineralized bone matrix (stained black). S; A treated limb in which 
demineralized bone matrix was implanted with 500,000 Noggirnexpresslng muscle<lerlved stem cells, showing no ossification. 



cium deposits followed by hematoxylin and eosin staining are Discussion 

shown in Figure 6. The collagen sponge had been absorbed by X Toggin derives its name from the initial observation that 

the time the mice were killed and thus was not present in any IN frogs that had an overexpression of Noggin during de- 

ofthe histologic sections. velopment grew larger heads''. Noggin is an extracellular 







Control limb 


Treated limb 
























Fig. 5 

Radiographs of control (A) and treated (B) limbs made ten weeks after the Achilles tenotomy. The arrow points to the area of heterotopic os- 
sification at the proximal end of the cut tendon that developed in the untreated, control limb. No evidence of heterotopic ossification is 
seen in the treated limb. 
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Control 40x 



Treated 20x 



Treated lOOx 




Fig. 6 



Longitudinal sections of the Achilles myotendinous junction obtained ten weeks after the Achilles tenotomy and stained with von 
Kossa stain followed by hematoxylin and eosin. Heterotopic ossification is stained black. A: The control limbs showed bone forma- 
tion in the healing Achilles tendon at 40x magnification. B: No heterotopic ossification was seen in the treated limbs at 20x mag- 
nification (shown) or at 40x magnification (not shown). C: At lOOx magnification, tiny particles of bone that were stained black 
were seen in the treated limbs; these particles were not seen radiographically or at lower magnifications. 



polypeptide that binds to and antagonizes members of the 
transforming growth factor (TGF)-|i superfamily of proteins, 
including BMPs such as BMP-2 and BMP-4. It inhibits by 
binding direcdy to the BMP and preventing the BMP from 
binding to its receptor^. Noggin is normally expressed by tis- 
sues such as skeletal muscle and cartilage during embryonic 
development and is required for normal development of the 
skeleton*'"*^ It is often co-expressed with BMP during devel- 
opment, presumably to limit the range over which BMP exerts 
its action. Knock-out mice that lack the Noggin gene develop 
larger, thicker bones and synostoses in the axial joints, in- 
cluding the elbows and phalangeal joints". Humans who have 
heterozygous missense mutations of the Noggin gene develop 
multiple synostoses syndrome, interphalangeal synostoses, 
and other skeletal abnormalities of the cervical spine and fem- 
oral neck^'. 

Aspetiberg et al. recently showed that an engineered 

form of the Noggin protein can be used to inhibit bone grov^ 
into a diffusion chamber screwed into a rat tibia'^ In order to 
increase the pharmacokinetic profile of Noggin, these research- 
ers deleted certain binding sites and added a portion of the 
human immunoglobulin Gl protein to it. To our knowledge, 
however, Noggin has not been used to inhibit the formation of 
heterotopic ossification and there have been no published re- 
ports describing the use of Noggin to inhibit heterotopic ossifi- 
cation caused by BMP-4, demineralized bone matrix, or trauma. 

We chose to use gene therapy to deliver the Noggin be- 
cause gene therapy provides a constant delivery of lower, more 
physiologic doses of proteins, that would otherwise be quickly 



degraded by natural proteases". We used a retroviral vector to 
transduce the muscle-derived stem cells to express Noggin be- 
cause retroviral vectors have low antigenicity, which allows 
them to be used in immunocompetent animals^^^''^. Parts 2 
and 4 of this study demonstrated that the in vivo expression of 
Noggin persists long enough to influence the formation of 
heterotopic ossification in immunocompetent animals. In 
contrast to the work of Aspenberg et al., who used a geneti- 
cally engineered form of Noggin, we used wild-type Noggin to 
ftirther limit the immunogenicity and to try to replicate the 
normal physiologic interaction between Noggin and BMPs^'. 
SCID mice were used in Part 3 of our study to prevent an im- 
mune response to the human demineralized bone matrix. 

The finding in Part 2 of our study that Noggin is capable 
of inhibiting the formation of heterotopic ossification caused 
by BMP-4 is consistent with the fact that Noggin binds to and 
directly antagonizes BMP-4. Noggin has been shown to have a 
much higher affinity for BMP-4 and BMP-2 compared with 
other BMPs, such as BMP- 7''. We chose to use BMP-4 to test 
Noggin because of specific evidence indicating that BMP-4 
may play a role in the formation of heterotopic ossification" ". 
Part 3 of our study, which suggested that Noggin is capable of 
inhibiting the formation of heterotopic ossification induced 
by demineralized bone matrix, provided ftirther evidence that 
BMPs are the primary component of demineralized bone ma- 
trix responsible for ossification. 

Several trauma-induced animal models for heterotopic 
ossification have been reported in the literature, with variable 
predictability of heterotopic ossification formation^'"^'^. We 
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chose to use the Achilles tenotomy model for heterotopic ossi- 
fication because of its relative simplicity and excellent predict- 
ability in the development of heterotopic ossification. This 
model for heterotopic ossification was first described in the rat 
by Buck in 1953''. In 1983, McClure applied the model to 150 
mice and found that heterotopic ossification developed in 60% 
by five weeks after injury and in 100% by ten weeks after 
injur/^ After the tenotomy, the proximal portion of the ten- 
don retracts, and foci of heterotopic ossification eventually de- 
velop at the proximal stump of the cut tendon, which was where 
our implants containing the musde-derived stem cells were placed. 

The exact mechanism by which Achilles tenotomy, or 
any type of trauma, causes heterotopic ossification is unclear. 
However, since Part 4 of this study suggested that the forma- 
tion of heterotopic ossification is inhibited when BMPs are 
blocked with use of Noggin, BMPs must play an integral role 
in the formation of heterotopic ossification after trauma. Fur- 
thermore, the amount of heterotopic ossification that forms 
can be influenced by the presence of Noggin. Eight of the eleven 
animals had no radiographic evidence of heterotopic ossifica- 
tion at the proximal end of the cut tendon in the limb treated 
with Noggin, while the remaining three mice had less hetero- 
topic ossification in the treated limb compared with that in 
the untreated limb. The focus of heterotopic ossification that 
formed on the distal stump of the cut tendon was not formally 
analyzed because of its variable nature and smaller size (only 
six of the eleven animals developed heterotopic ossification at 
the distal stump). However, the formation of heterotopic ossi- 
fication at the distal stump did not seem to be as strongly in- 
fluenced by Noggin, presumably because of the larger distance 
between the distal stump and the surgically implanted cells at 
the proximal end. The possibility that heterotopic ossification 
is only inhibited in the area in immediate contact with Noggin 
has important clinical implications. It is often desirable to in- 
hibit heterotopic ossification in one area whOe also trying to 
promote bone-healing in a nearby area, such as after a total 
hip arthroplasty. 

The weaknesses of this study include an inability to dis- 
tinguish true bone formation from heterotopic ossification. 
Our histologic analysis was based on von Kossa staining for 
calcium deposits, a technique that is sensitive and specific for 
ossification but is not able to differentiate true bone forma- 
tion, which is cellular in nature, from heterotopic ossification. 
However, our previous studies have shown that the structure 
of BMP-2 and BMP-4-induced bone is similar to the structure 
of true bone''*"•^^ In addition, although there were no signs 
of infection or ill effects observed in any of the animals used 
in this study, we did not collect any long-term data demon- 
strating the safety of Noggin or the broad long-term inhibition 
of TGF-p superfamily members. Finally, while the retroviral 
vectors used to deliver the Noggin and the BMP-4 to the 
muscle-derived stem cells in this experiment have been used 
previously without any untoward effects, the use of gene ther- 
apy in a clinical setting should always be approached with cau- 
tion and more research is needed to establish the safety of 
these procedures'^""". 
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The clinical importance of finding new ways to inhibit 
heterotopic ossification lies in the fact that current methods of 
preventing or treating heterotopic ossification all have associ- 
ated disadvantages. Radiation therapy carries an oncogenic risk, 
even with doses as small as 1000 cGy, and can also be associated 
with patient morbidity following total hip arthroplasty^". In 
addition, radiation damages cells, including muscle cells, and 
thereby impairs healing^ ^^ Bisphosphonates are able to delay 
the formation of heterotopic ossification, but, when treatment 
is discontinued, the process of ossification recurs""". Nonste- 
roidal anti-inflammatory drugs have been shown to prevent 
heterotopic ossification, but they can also cause considerable 
gastrointestinal bleeding"''^^ More importantly, they systemi- 
cally inhibit all bone-healing, which may be detrimental when 
trying to promote bone-healing elsewhere in the bod/^^^ In- 
direct gene therapy may offer a method to accurately deliver 
Noggin to a targeted area of the body and thereby inhibit het- 
erotopic ossification without interfering with bone growth and 
bone-healing at other locations. 

In conclusion, heterotopic ossification continues to pose 
a substantial problem in orthopaedic surgery. Currently, there 
is no ideal method of treatment. BMPs play a crucial and nec- 
essary role in the formation of heterotopic ossification in- 
duced by both demineralized bone matrbc and trauma. The 
retroviral delivery of Noggin can inhibit heterotopic ossifica- 
tion caused by BMP-4, demineralized bone matrix, or trauma 
in an animal model. The use of gene therapy to deliver Noggin 
to a targeted area of the body may one day become an impor- 
tant tool for the prevention of heterotopic ossification. ■ 

Note: The authors thank Molly Voght, PhD. and Mark Chirumbole for their help with the statisti- 
cal analysis. 
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Modulation of bone morphogenetic protein 
signaling inhibits the onset and progression 
of ankylosing enthesitis \ 
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Katholieke Unlverslteit Leuven, Leuven, Belgium. 

Joint ankylosis is a major cause of disability in the human spondyloarthropathies. Here we report that this 
process partially recapitulates embryonic endochondral bone formation in a spontaneous model of arthritis 
in DBA/1 mice. Bone morphogenetic protein (BMP) signaling appears to be a key molecular pathway involved 
in this pathological cascade. Systemic gene transfer of noggin, a BMP antagonist, is effective both as a pre- 
ventive and a therapeutic strategy in the mouse model, mechanistically interfering with enthesial progenitor 
cell proliferation in early stages of the disease process. Immunohistochemical staining for phosphorylated 
smadl/5 in enthesial biopsies of patients with spondyloarthropathy reveals active BMP signaling in simi- 
lar target cells. Our data suggest that BMP signaling is an attractive therapeutic target for interfering with 
structural changes in spondyloarthropathy either as an alternative or complementary approach to current 
antiinflammatory treatments. 



Introduction 

The human spondyloarthropathies are a group of chronic inflam- 
matory joint disorders with a prevalence of about 0.3% (1), which 
primarily affect individuals between 20 and 40 years of age. Differ- 
ent diagnostic entities, based on clinical, genetic, and pathological 
characteristics, are classified within this disease concept (2). These 
consist of ankylosing spondylitis, psoriatic arthritis, reactive arthri- 
tis, arthritis associated with inflammatory bowel disease, and a 
juvenile and an undifferentiated form of arthritis. Clinical manifes- 
tations include arthritis and ankylosis, which cause severe and per- 
manent disability. Increasing evidence suggests that an anatomical 
zone referred to as the enthesis, where tendons and ligaments attach 
to underlying bone, is a primary target of the pathological process 
(3, 4). Enthesitis, synovitis, and subchondral bone changes are asso- 
ciated with enthesial cell proliferation and heterotopic cartUage and 
bone formation, all of which eventually lead to joint space bridging, 
a process called ankylosing enthesitis. Together, these features are 
considered the hallmark of spondyloarthropathy (3-5). 

Long-term treatment strategies for chronic joint diseases aim 
to prevent tissue damage and loss of joint function. So-called dis- 
ease modifying treatments not only target symptom control but 
are also intended to influence the pathological process itself In 
spondyloarthropathy, conventional therapies, such as nonsteroidal 
antiinflammatory drugs and immune modulators, are considered 
symptom-controlling rather than disease-modifying treatments (6). 
TNF inhibitory agents have been introduced as biologic response 
modifiers (7, 8). Despite their clinical efficacy and widespread use, 
and in contrast to what is seen in rheumatoid arthritis, the disease- 



Nonstandard abbreviations used: BMP, bone morphogenetic protein; PCNA, 
proliferating cell nuclear antigen; Sox9, sex-determining region Y-box 9; TBS, 
Tris-bufFered saline. 

Conflict of interest: The authors have declared that no conflict of interest exists. 
However, Rik Lories and Frank P. Luyten have submitted a patent application regard- 
ing the use of BMP inhibition in spondyloarthropathy. 

Citation for this article:/. Oin. Invest. 115:1571-1579 (2005). 
doi:10.1172/JCI23738. 



modifying properties of these strategies remain unclear. In chronic 
joint diseases such as rheumatoid arthritis and in animal models 
of these diseases (9), inflammation is associated with bone loss 
and destruction. In spondyloarthropathy, new bone formation is 
characteristic. Coupling of inflammation and subsequent ankylo- 
sis have not been demonstrated. Progressive ankylosis may persist 
despite absence of clinical disease activity (10). It is possible that 
continued suppression of inflammation may result in accelerated 
bone formation and ankylosis once the pathological cascade has 
been triggered. Therapeutic strategies specifically targeting carti- 
lage and bone formation may therefore be required, either as an 
alternative or a complementary approach to immune-suppressing 
drugs, for gaining full control of the disease (11). 

Bone morphogenetic proteins (BMPs), discovered to be proteins 
that ectopically induce a cascade of endochondral bone forma- 
tion (12), play a crucial role in skeletal (13, 14) and joint morpho- 
genesis (15-18). BMPs are members of the TGF-P superfamily, a 
group of polypeptides capable of regulating a wide array of cellular 
processes such as proliferation, differentiation, lineage determi- 
nation, motility, and death (19, 20). In their canonical pathway, 
BMPs induce ligand-dependent type I and type II receptor het- 
erodimerization, leading to phosphorylation of smad-signaling 
molecules (smadl/5) that bindsmad4 and then translocate to the 
nucleus. BMP signaling is controlled at many levels, including that 
of extracellular antagonists such as noggin (19). Reactivation of 
embryonic-signaling pathways has been suggested as an essential 
part of repair and homeostasis in health and disease (21, 22). How- 
ever, untimely or unwanted activation of signaling cascades fun- 
damental for normal development may promote disease processes 
such as spondyloarthropathies. Therefore, we hypothesized that 
BMP signaling could play a direct role in joint ankylosis. 

To address this, we studied BMP signaling in a spontaneous 
model of arthritis. Grouped caging of male DBA/1 mice led to the 
development of arthritis affecting hind paws and characterized by 
ankylosing enthesitis (23-25). This feature clearly distinguishes 
the model from other animal models of different types of joint 
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Figure 1 

BMP immunohistochemistry in ankylosing enthesitis. (A-C) The 
first phase of ankylosing enthesitis is characterized by enthesial 
cell proliferation and cartilage differentiation; immunoreactivlty 
for BMP2 is detected in spindle-shaped enthesial fibroblast-like 
cells (arrowheads, inset in B) and in more rounded early chon- 
droblast-like cells (arrows) (A; B, detail of boxed area in A). At 
this stage of the disease process, no cartilage hypertrophy is 
seen. (0) Negative control staining using IgG. (D-l) Cartilage 
formation in ankylosing enthesitis shows BMP7-positive prolif- 
erating and prehypertrophic chondrocyte-like cells (D; E. detail 
of boxed area in D; arrows indicate zone of positive cells) and 
BMP6-positive hypertrophic chondrocyte-like cells (G; H. detail 
of boxed area in G; arrows indicate positive cells). No BMP7 
expression is seen in hypertrophic chondrocyte-like cells (E, 
arrowheads). (F and I) Negative control staining using IgG. Scale 
bars: 200 \irc\ in A and D; 100 ^m in G; 80 \im in E and F; 50 
in B and C; 25 \im in H and I. 



diseases, such as rheumatoid arthritis and osteoarthritis, that are 
characterized by either synovial inflammation or progressive car- 
tilage loss. Other features of the model include dactylitis and nail 
changes, symptoms characteristic of psoriatic arthritis (25). This 
model provides a tool for studying the mechanisms of joint anky- 
losis with potential relevance to the human spondyloarthropa- 
thies. In this report, we evaluate the effects of BMP signaling on 
initiation and progression of arthritis by gene transfer of noggin, 
a BMP antagonist. 

Results 

Distinct BMPs are expressed in ankylosing enthesitis. We used 
immunohistochemistry to identify specific BMPs, known to be 
involved in embryonic endochondral bone formation, in ankylos- 
ing enthesitis (Figure 1). The disease process was characterized 
by inflammation and proliferation at the enthesis, followed by 
cell differentiation into chondroblasts, prehypertrophic chon- 
drocytes, and hypertrophic chondrocytes (24-27) (Supplemental 
Figure 1; supplemental material available online with this arti- 
cle; doi:10,1172/JCI23738DSl). The cartilage was progressively 
replaced by bone, which eventually led to joint ankylosis. Differ- 
ent BMPs were detected in distinct stages of ankylosing enthesi- 
tis as indicated by cell morphology (Figure 1). BMP2 was seen 
in spindle-shaped fibroblast-like cells in the proliferative zones 
as well as in more rounded chondroblasts in early disease stages 
(Figure 1, A and B). BMP2 was absent in prehypertrophic and 
hypertrophic chondrocytes (data not shown). In contrast, in later 
stages, BMP7 was largely restricted to prehypertrophic chondro- 
cytes (Figure 1, D and E). BMP6 was found in hypertrophic chon- 
drocytes (Figure 1, G and H). 

Noggin gene transfer inhibits the onset and progression of spontaneous 
arthritis. We used intramuscular injections of plasmids that encode 
noggin cDNA under the control of a cytomegalovirus promoter 
to evaluate ubiquitous suppression of BMP signaling. Injection 
of 300 \ig and 30 pig pcDNA3.1+ noggin resulted in a dose-depen- 
dent increase in local mRNA expression (Figure 2, A and B). In 
the RT-negative control samples, only very discrete amounts of 
residual noggin cDNA were detected after injection of 300 |Xg 
pcDNA3.1+noggin. Protein was detectable in muscle and serum 



(Figure 2C). Injection of 300-jig pcDNA3.1+ empty vector into 
the contralateral muscle did not result in locally or systemically 
detectable noggin. We chose to repeat injections every 3 weeks to 
ensure gene expression during the course of the experiment (28, 
29). To ascertain that repeated injections of noggin cDNA did not 
result in the formation of antibodies that could block its effect, 
mice were injected 4 times with 300 |ig of pcDN A3. 1+ noggin at 
3-week intervals. After 15 weeks, no specific antibodies were found 
in their serum (data not shown). 

We studied the effect of BMP inhibition on clinical incidence 
and severity of spontaneous arthritis. Male mice were caged 
together at the age of 12 weeks and monitored for clinical signs 
of arthritis until the age of 25 weeks. Animals were treated every 
3 weeks (weeks 12, 15, 18, and 21) with plasmid injections (either 
300 ng pcDNA3.1+noggin, 30 \ig pcDNA3.1+noggin, or similar 
amounts of empty pcDNA3.1+). Injections of both 300 \ig and 30 
\ig of noggin cDNA reduced the incidence of arthritis as compared 
with injections of empty vector controls (Gehan-Wilcoxon test, 
P < 0.05) (Figure 2D). Similarly, pcDNA3.1+ noggin reduced sever- 
ity of arthritis as compared with empty vector (Mann-Whitney 
U test; P < 0.05) (Figure 2E). The effect of noggin treatment on 
clinical severity during the course of the disease was evaluated by 
calculating the area under the curve of the clinical severity score 
(Figure 2F). Both noggin treatment groups (300 jig and 30 \ig 
plasmids) showed a reduction in time-integrated clinical sever- 
ity scores (Mann-Whitney U test, P < 0.05). The effect was dose 
dependent. We noticed a slower disease onset and slightly reduced 
severity in the group that was treated with 300 jig empty vector as 
compared with the group treated with 30 [ig empty vector. Yet this 
was not statistically significant. However, to exclude that the effect 
of pcDNA3.1+ noggin treatment was due to nonspecific exogenous 
protein expression by gene transfer, additional mice were treated 
with pcDNA3.1+ coding for an irrelevant secreted protein (mouse 
Wnt5a with a mutated hydrophilic domain). No effect on arthritis 
was found (data not shown). 

The effect of BMP inhibition as a therapeutic strategy was evalu- 
ated by pcDNA3.1+ noggin or empty vector administration (300 
Hg) after symptoms of arthritis had developed. In a first set of 
experiments, individual mice were injected immediately after the 
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first symptoms (toe swelling or stiffness) were recognized. Mice 
were observed further for 3 weeks. Noggin plasmid treatment sig- 
nificantly reduced clinical disease progression, measured as the 
difference in clinical score between the beginning and end of the 
experiment, as compared with empty vector (Figure 3A) (Mann- 
Whitney U test, P < 0.05). In the noggin-treated group, 0 out of 
6 mice showed disease progression (Figure 3B), and in 2 mice, 
improvement of arthritis was seen after treatment. In contrast, 
in the control group, disease progression was seen in 4 out of 8 
mice (Figure 3B). In another set of experiments, individual mice 
were treated 10 days after the first onset of symptoms and fur- 
ther monitored for 3 weeks. Noggin gene 
therapy resulted in a significant reduction 
in clinical disease progression as compared 
with empty vector treatment (Figure 3C) 
(Mann-Whitney t/test, P < O.OS). Of 9 mice, 
4 in the noggin-treated group showed signs 
of clinical improvement, and in 1 animal, 
the clinical score increased (Figure 4D). In 
contrast, in the control group, 4 out of 8 
mice showed an increase in clinical sever- 
ity and none of the mice showed improve- 
ment of arthritis (Figure 4D). 

Noggin modulates endochondral bone forma- 
tion in ankylosing enthesitis. We studied the 
effect of exogenous noggin therapy on 
pathological bone formation by histologi- 
cal analysis in both the preventive and ther- 
apeutic experiments described above. Injec- 
tion of pcDNA3.1+noggin (300 \ig) every 3 
weeks from the age of 12 weeks onward 
resulted in a significant difference in his- 
tological disease severity score as compared 
with injection of empty vector (Figure 4A) 
(Mann-Whitney U test, P < 0.05). 

We analyzed the effect of noggin gene 
transfer in this experiment on different 
stages of endochondral bone formation 
(Table 1). In the pcDNA3.1+noggin- treat- 
ed group, 5 out of 8 animals remained 
unaffected. Cell proliferation was seen in 
3 out of 8 mice, but progression to carti- 
lage formation was demonstrated in only 
1 animal. Microscopic examination did 
not reveal bone formation or ankylosis. In 
contrast, 6 out of 8 animals in the control 
group were affected. Proliferation of enthe- 
sial cells was seen in all affected animals. 
Four animals showed signs of cartilage 
formation, and in 1 animal we found bone 
formation leading to ankylosis. 

We also evaluated histological disease 
severity when noggin cDNA was adminis- 
tered after the first appearance of symptoms. 
Noggin treatment (300 \ig plasmid) resulted 
in a significantly lower disease severity score 
as compared with empty vector treatment 
(Mann-Whitney t; test, P < 0.05) (Figure 4B). 
All animals from both groups showed posi- 
tive histopathological findings (Table 1). In 



the pcDNA3.1+noggin-treated group, 5 out of 6 animals showed 
signs of cell proliferation, but only 2 out of 6 showed ectopic carti- 
lage and bone formation. Ankylosis was documented in 1 animal. 
In contrast, 8 out of 8 animals from the control group showed cell 
proliferation, 6 out of 8 showed cartilage and bone formation, and 
3 out of 8 showed joint ankylosis. Together, these observations sug- 
gest that suppression of BMP signaling by noggin can block early 
stages of pathological endochondral bone formation. 

Noggin gene transfer affects proliferation of progenitor cells. We studied 
the target cell population for BMP signaling in ankylosing enthesitis 
(Figure 5). Immunofluorescent staining for nuclear phosphorylated 
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Figure 2 

Noggin gene transfer prevents arthritis. (A) RT-PCR demonstrating enhanced expression of 
noggin 72 hours after cDNA gene transfer (300 img and 30 \ig). Little endogenous noggin 
is found. The RT-negative control (RT-neg) obtained from muscle injected with 300 jxg 
pcDNA3.1+noggin shows that the RNA extraction procedure successfully removed most of 
the potentially contaminating cDNA. (B) Real-time PGR analysis of noggin expression 72 
hours after cDNA gene transfer. Mean ± SD from 2 samples. (C) Immunoprecipitation and 
Western blot demonstrating expression of noggin 72 hours after intramuscular plasmid cDNA 
gene transfer. A 26-kDa band corresponding to noggin was found in 2 different mice after 
gene transfer in the injected tibialis anterior muscle (right muscle, lanes 1 and 3) but was 
absent in contralateral control muscle (left muscle, lanes 2 and 4). Noggin was also detected 
in the serum of both noggin plasmid-injected mice (lanes 5 and 6) but not in control mice 
(lanes 7 and 8). Lane 8 shows a positive control using recombinant noggin-Fc. (D) Noggin 
gene transfer significantly reduced incidence of spontaneous arthritis as compared with empty 
vector-treated animals. *Gehan-Wilcoxon test, P < 0.05. (E) Noggin gene transfer (300 \ig or 
30 fxg) significantly reduced severity of spontaneous arthritis as compared with that in empty 
vector-treated animals. *Mann-Whitney U test; P < 0.05 at week 25. (F) Noggin gene transfer 
significantly reduced time-integrated clinical severity, expressed as area under the curve, as 
compared with that in control animals. *Mann-Whitney U test; P < 0.05. (D and E) Data are 
shown as mean ± SEM; n = 8 or 9 mice per group. 
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Figure 3 

Noggin gene transfer influenced severity of established 
arthritis. DBA/1 mice were treated with noggin cDNA 
injection or empty vector immediately (A-B) or 10 days 
(C-D) after the first signs of arthritis had appeared. 
Disease progression, defined as the difference in clini- 
cal score between the beginning and the end of the 
experiment, was significantly reduced after noggin 
gene transfer as compared with that in empty vector 
controls. *Mann-Whitney U test; P < 0.05, 3 weeks after 
injection, in B and D, individual clinical scores before 
and after treatment are shown. 
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smadl/5, a marker of active BMP signaling, showed positive nuclei 
in the enthesial fibrobiast-like cells and in cells showing early chon- 
drogenic differentiation (Figure 5 A). Phosphorylated-smadl/5 was 
not present in mature or hypertrophic chondrocytes. 

To confirm that noggin gene transfer was inhibiting BMP 
' signaling in affected joints, 3 different sets of interphalangeal 
joints were dissected (5 joints per group): normal joints, arthritic 
joints, and arthritic joints 6 days after gene transfer. The pres- 
ence of phosphorylated-smadl/5 molecules was determined 
by Western blot and digital image analysis. Treatment with 300 
\ig pcDNA3.1+noggin resulted in a significant reduction in 
phosphorylated-smadl/5 6 days after treatment as compared 
with that in arthritic but nontreated joints (Kruskal-Wallis test, 
P < 0.05; Mann-Whitney t/ test, P < 0.05) (Figure 5B). 

We hypothesized that BMPs were stimulating proliferation of 
enthesial progenitors before allowing cells to undergo chondro- 
cytic differentiation. We therefore identified the target cell pop- 
ulation for BMP signaling by double staining for proliferating 
cell nuclear antigen (PCNA), a marker of cell proliferation, and 
phosphorylated smadl/5 (Figure 5C). Colocalization was found 
in many but not all enthesial cells. 

We further tested whether noggin gene transfer affected the 
local expression of other molecules that are probably involved 
in ankylosing enthesitis, such as PCNA (proliferation) and sex- 
determining region Y-box 9 (Sox9) (chondrogenesis) (Figure 6A), 
proinflammatory cytokines (TNF-a and IFN-y) (Figure 6B), and 
BMP2, BMP6, and BMP7 (Figure 6C). Normal, affected, and arthrit- 
ic joints 6 days after noggin gene therapy were tested. Significant dif- 
ferences in affected toes between normal and treated animals were 
shown for PCNA and BMP2 (Kruskal-Wallis P < 0.05; Mann-Whit- 
ney U test, P < 0.05). Similar trends were seen in expression levels 
of 77s/F-a and Sox9, but this was not confirmed statistically. BMP6 
was significantly downregulated in treated samples versus untreated 
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affected joints. No statistically meaningful differenc- 
es were seen in BMP7 and IFN-y expression. 

Active BMP signaling in human enthesial biopsies. To 
specifically test whether our findings in the mouse 
are relevant to new cartilage and bone formation in 
human disease, we studied activation of BMP sig- 
naling in enthesial biopsies obtained from Achilles 
tendons of spondyloarthropathy patients (Figure 
7A). Histological analysis revealed progenitor cell 
proliferation and cartilage formation strikingly 
similar to that in the mouse model (Figure 7, B and 
C). Activation of BMP signaling was apparent in the 
proliferating and differentiating cell population as 
revealed by the presence of nuclear phosphorylated- 
smadl/5 (Figure 7D). As in the mouse model, in later stages, this 
staining was negative (Figure 7D). Double staining for PCNA and 
phosphorylated smadl/5 reflected our observations in mice (Figure 
7, E-G). Immunoreactivity for BMP2, BMP7, and BMP6 was recog- 
nized in proliferating spindle-shaped cells and in prehypertrophic 
and mature chondrocytes, respectively (Supplemental Figure 2). 

Discussion 

In this study, we demonstrate that BMP signaling affects both the 
initiation and the progression of ankylosis in a model of anky- 
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Figure 4 

Noggin gene transfer ameliorated the pathological cascade in anky- 
losing enthesitis. Noggin or empty vector control gene transfer was 
performed either as a preventive strategy (A) or as a therapeutic strat- 
egy immediately after the first symptoms appeared (B). Noggin gene 
transfer significantly reduced pathological disease severity In treated 
animals as compared with empty vector-treated controls. •Mann-Whit- 
ney U test, P < 0.05. Data are shown as mean ± SEM of the cumulative 
score of all interphalangeal and metacarpophalangeal joints from the 
hind feet; each group consisted of 8 mice except the noggin cDNA- 
treated group in B (n = 6). 



1574 



Thejournal of Clinical Investigation http://www, jci.org Volume 115 Number 6 June 2005 




research article 



Table 1 

Effect of noggin gene transfer on different features of anl<ylosing enthesitis 





Normat 


Proliferation 


Cartilage 


Bone 


Joint 








formation 


formation 


ankylosis 


Prevention 












Empty vector 


2/8 (25) 


6/8 (75) 


4/8 (50) 


1/8(12) 


1/8(12) 


Noggin 


5/8 (62) 


3/8 (37) 


1/8 (0.12) 


0/8 (0) 


0/8 (0) 


Therapy 












Empty vector 


0/8 (0) 


8/8 (100) 


6/8 (75) 


6/8 (75) 


3/8 (50) 


Noggin 


0/6 (17) 


5/6 (83) 


2/6 (33) 


2/6 (33) 


1/6 (17) 



Data are shown as the number of animals exhibiting a specific trait as compared with 
the total number of animals In the group. Percentages are shown in parentheses. 



losing enthesitis and spondyloarthropathy. BMP signaling has 
been studied in a mouse model of degenerative joint disease (30). 
Ectopic bone formation in this disorder may be a consequence of 
structural damage and is likely to be part of the body's response 
to local injury, either as an attempt to increase joint stability or 
as a secondary effect of growth factors trying to preserve joint 
homeostasis (31). Our data provide evidence that deregulation 
of specific embryonic signaling pathways can also contribute to 
pathology. Indeed, several arguments indicate that the process of 
enthesial bone formation leading to ankylosis, as seen in spondy- 
loarthropathies and in this model, is different from osteophytes 
in osteoarthritis. First, progressive ankylosis in both spine and 
peripheral joints is a major contributor to disability. Second, 
ankylosing enthesitis presents 
frequently as clinically symptom- 
atic arthritis. Third, in contrast to 
osteoarthritis, heterotopic endo- 
chondral bone formation takes 
place in tissue that is considered 
one of the primary disease targets 
(3, 5, 32). Therefore, inhibition of 
ankylosis may be an important 
and specific therapeutic target in 
spondyloarthropathy (11, 33). 

To address the mechanisms driv- 
ing joint ankylosis, we have used 
a spontaneous mouse model of 
arthritis. Although it was originally 
reported as another model of rheu- 
matoid arthritis (23), subsequent 
studies involving microscopic 
analysis have clearly demonstrated 
that this model is characterized by 
ankylosing enthesitis (25, 27) rath- 
er than destructive synovitis. This 
model is particularly attractive 
since arthritis occurs in association 
with environmental factors such 
as stress that have also been impli- 
cated in spondyloarthropathy (24, 
34). It also shows specific features 
of psoriatic arthritis (25) that have 
not been reported in other models 
of arthritis. The high incidence 
and reproducibility of arthritis 



in this model, in contrast to other models of ankylosis 
(35), highlight its usefulness for mechanistic studies in 
the process of ankylosis in spondyloarthropathy. As no 
animal model completely mimics human disease, differ- 
ent questions can be raised regarding the relevance of this 
model to human spondyloarthropathy. First, the absence 
of spine pathology in this model can at least partially 
be explained by differences in weight bearing between 
rodents and humans. So far, there are no indications that 
ectopic bone formation in spine and in peripheral joints 
is distinct. Both processes mimic predominantly endo- 
chondral bone formation (5, 36). Second, the inflamma- 
tory reaction associated with the proliferative and meta- 
plastic process at the enthesis is still poorly defined. We 
have demonstrated that dactylitis or local inflammation 
at the enthesis, characterized by the presence of neutrophils and 
some mononuclear cells, precedes or coincides with connective tis- 
sue proliferation and differentiation (25). Remarkably, Nordling et 
al. demonstrated that anti-idiotypic anticollagen type II antibody 
treatment may prevent the onset of arthritis (37). Autoimmunity 
toward components of fibrocartilage has been proposed by differ- 
ent authors as directly relevant for the development of spondyloar- 
thropathy (5, 38). Autoantibodies toward type II collagen have also 
been demonstrated in spondyloarthropathy patients (39). Inter- 
estingly, we have also shown that inhibition of IFN-y delays the 
onset of disease (26). However, in contrast to the effect of noggin, 
no therapeutic effect of anti-IFN-y strategies was seen once symp- 
toms had occurred (26). The finding that the disease process is 
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Figure 5 

Noggin inhibited BMP signaling in spontaneous arthritis. (A) Immunofluorescent staining for 
phosphorylated smad 1/5/8 demonstrating positive nuclei (red staining, arrowheads; detail In Inset) in the 
zone of proliferating cells. The area corresponding to hypertrophic chondrocytes is negative (arrows). 
A representative, adjacent section stained with H&E is also shown. (B) Phosphorylation of smad1/5/8 
was increased in arthritic as compared with healthy interphalangeal joints and was inhibited by noggin 
gene transfer as shown by semiquantitative Western blot (/? = 5 animals per group, Kruskal-Wallis test 
P < 0.05; Mann-Whitney U test: *P < 0.05 versus normal joints; **P < 0.05 versus untreated affected 
joints). (C) Double Immunofluorescense staining for phosphorylated smad1/5 (red) and PCNA (green) 
demonstrating nuclear colocallzation (yellow in overlay). Scale bars: 50 yim. 
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Figure 6 

Systemic noggin gene transfer 
and gene expression in inter- 
phalangeal joints. Cell cycle 
and differentiation markers (A), 
proinflammatory cytokines (B), 
and BMPs (C) were studied by 
real-time PGR analysis. Data are 
expressed as amounts relative to 
the expression of GAPDH. n = 5 
animals per group. ""Kruskal-Wal- 
lis test, P < 0.05; Mann-WhItney 
U test, P < 0.05 for affected as 
compared with normal and treat- 
ed animals. **Kruskal-Wallis test, 
P < 0.05; Mann-Whitney U test, 
P < 0.05 for treated as compared 
with affected animals. The y axes 
indicate expression levels relative 
to the expression of GAPDH. 
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apparently T cell independent seems to be in contrast with the pro- 
posed role for T cells in both psoriatic arthritis (40) and ankylos- 
ing spondylitis (5). In these experiments, however, T cell receptors 
ap-/- and yb'^- were used separately. Therefore, a role for T cells in 
the development of autoimmunity toward fibrocartilage compo- 
nents in this model cannot be excluded. Taken together, all these 
data support the concept of juxtaposed stages in the disease that 
are coupled but partially independent. Our model therefore seems 
representative of the process of ankylosis in spondyloarthropathy, 
which can be considered as a specific therapeutic target. 

The somewhat surprising effects in the early stages of the disease 
highlight the importance of BMP signaling. This pathway is an 
essential part of the complex network regulating skeletal devel- 
opment (14-18). Endochondral bone formation is initiated by 
mesenchymal cell condensations. Cells within these condensations 
undergo chondrogenic differentiation, progressively acquiring 
the phenotypes of proliferating, prehypertrophic, and hypertro- 
phic chondrocytes. In the later stages, the cartilaginous elements 
are replaced by bone (13). Studies in developmental models sug- 
gest that fme-tuned balances between BMPs and inhibitors such 
as noggin appear to influence different stages of endochondral 
bone formation. Retroviral over- and misexpression of noggin in 
the developing chick limb revealed a dual role for BMP signaling 
in early stages (41). Both cell condensation and differentiation of 
chondroprogenitor cells into chondrocytes were inhibited effec- 
tively, depending on the time of infection. 

Various challenges regarding the role of BMPs in ankylosing 
enthesitis remain. First, understanding of the relative contribu- 
tion of specific BMPs and inhibitors to the pathological cascade 
needs to be refined. Our data suggest an early role for BMP2 and 



later involvement of BMP6 and BMP7. The presence of additional 
ligands has not been studied. However, regardless of their presence, 
noggin has been demonstrated as an antagonist of the BMP2/4, 
the BMP5/6/7, and the growth and differentiation factor 5/6/7 
groups (42). Therefore, noggin overexpression is likely to change 
the overall balance in BMP signaling in our model. Second, the 
identification of factors leading to the activation of the BMP-sig- 
naling pathway is of critical importance to understanding the links 
between inflammation and bone formation, but the exact mecha- 
nism remains unknown. We and other groups have demonstrated 
that specific BMPs, including BMP2 and BMP6, are upregulated 
by proinflammatory cytokines in cell populations obtained from 
the joint, providing circumstantial evidence that inflammatory 
changes and BMP expression are linked (43-45). Other explana- 
tions include increased expression of BMP receptors or BMP-sig- 
naling enhancers (46), through genetic or environmental factors, 
that lead to enhanced activation of the smad pathway. 

It is well known that the biological response to BMPs is depen- 
dent on the target tissue (19). Injection of recombinant BMP2 
into the knee joints of mice resulted in osteophyte formation in 
areas adjacent to the bone and did not result in cartilage forma- 
tion in the synovium itself (47). Adenoviral infection of periost 
with BMP2 in vivo stimulated endochondral bone formation at 
the application site (48). 

In summary, our findings support the concept that BMP sig- 
naling is an attractive therapeutic target for achieving disease 
modification in spondyloarthropathy. Symptom control by inhi- 
bition of inflammation may not be sufficient to stop the struc- 
tural progression of disease and the resulting disability. Therefore, 
specific molecular targets involved in cartilage and bone forma- 
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tion, including the BMPs and their transduction machinery, may 
provide a complementary or alternative therapeutic approach in 
patients with spondyloarthropathies. In the complex network of 
cell differentiation and lineage commitment, molecular networks 
may be crucial, and single-gene approaches to treating diseases 
may not be sufficient. 

Methods 

Animal experiments. Three sets of experiments were performed. First, 
male DBA/1 mice 0ackson Laboracory or Janvier) from different litters 
were mixed and caged together in groups of 4 to 6 mice at the age of 12 
weeks. Full-length mouse noggin cDNA (a gift of R. Harland, University 
of California, Berkeley, California, USA) was cloned into pcDNA3.1+ 
vector (Invicrogen Corp.). Either 300 or 30 jxg of pcDNA3.1+noggin or 
pcDNA3.1* was injected into the tibialis anterior muscles at weeks 12, 
15, 18, and 21. Animals were sacrificed at 25 weeks. Second, after the 
first symptoms appeared in each mouse, pcDNA3.1+noggin (300 or 
empty vector was injected immediately. Third, animals with clinical signs 
of arthritis were treated with pcDNA3.1+noggin (300 ng) or empty vec- 
tor 10 days after the first symptoms were noted. In these experiments, 
individual mice were killed 3 weeks after injection of plasmid cDNA. The 
Ethics Committee for Animal Research (Katholieke Universiteit Leuven) 
approved all animal experiments. All experiments and analyses were run 
in a randomized and blinded fashion. 



Figure 7 

BMP signaling in human enthesitis in spondyloarthropathy. (A) X-ray 
image showing irregular borders and bony outgrowth (arrows) at the 
Achilles enthesis. (B) Overview of an enthesial biopsy stained with 
H&E, showing a normal attachment zone (arrowheads) and new tis- 
sue formation (boxed area). (C) Detail of boxed area in B showing 
proliferation (arrowheads) and cartilage formation (arrows). (D) tmmu- 
nofluorescent staining for phosphorylated-smad1/5/8 showing positive 
proliferating cells (arrowheads, detail in inset) and negative chondro- 
cytes (arrows). (E-G) Double immunofluorescence for phosphorylated- 
smadl/5 (E). PCNA (F), and overlay (G). Scale bars: B, 800 jim; C and 
D. 200 ^m; E and G, 50 jim. 



Mice were scored twice a week for clinical signs of arthritis as follows 
(26, 27): 0, no symptoms; 1, redness and swelling in one toe; 2, redness and 
swelling in more than one toe; 3, toe stiffness; and 4, deformity or ankle 
involvement. Both hind paws were evaluated, resulting in a maximum 
score of 8. For histological examination, hind paw forefeet were forma- 
lin-fixed, decalcified using Decal (Serva), paraffin embedded, and cut in 
a transverse plane, A histological score was developed previously (25, 26): 
1, inflammatory cell infiltration; 2, enthesial fibroblast-like cell prolifera- 
tion; 3, cartilage formation; 4, bone formation; and 5, ankylosis. In each 
mouse, a cumulative score for all interphalangeal and metatarsophalan- 
geal joints of the 2 hind limbs was calculated by summation of the indi- 
vidual joint scores. Both clinical and pathological scores were found to be 
consistent and reproducible with little intra- and interobserver variability. 

Human materials. Enthesial biopsies were obtained during surgery for 
refractory enthesitis. The Ethics Committee for Human Medical Research 
(Katholieke Universiteit Leuven) approved all procedures, and patient 
informed consent was obtained. 

Immunohistochemistry and immunofluorescence. For immunohistochemistry 
and immunofluorescence, sections were quenched with 3% H2O2/H2O or 
50 mM NH4CI respectively and preincubated with donkey serum (20% in 
Tris-buffered saline [TBS]). Sections were incubated with polyclonal pri- 
mary antibodies against BMP2 (Pfizer) (5 |xg/ml), BMP7 (Pfizer) (10 fig/ 
ml), BMP6 (Santa Cruz Biotechnology Inc.) (10 ng/ml), phosphorylated 
smadl/5 (PSl) (P. Ten Dijke, University of Leiden, Leiden, The Nether- 
lands) (1/100) overnight at 4'*C. Anti-BMP2 antibody was raised against 
peptide sequence Ac-REKRQAKHKARKRLKSSC-NH2. BLAST protein 
analysis (http://www.ncbi.nlm.nih.gov/BLAST) showed that this peptide 
is specific for BMP2 and is conserved across species (human, mouse, 
rat, xenopus). Anti-BMP7 antibody was raised against peptide sequence 
AC-TGSKQRSQNRSKTPKNC-NH2. This peptide sequence is specific for 
human BMP7, as shown by BLAST protein analysis. The mouse and rat 
BMP7 sequence showed 1 amino acid difference (G instead of S in posi- 
tion 3). Anti-BMP6 was raised against a peptide sequence from the amino- 
terminus of human BMP6. Antiphosphorylated smadl/5 antibody recog- 
nizing the phosphorylated C-tail in Smadl was generated by injection of 
peptide KKK-NPISSVS containing 2 C terminal phosphoserine residues 
coupled to keyhole limpet hemocyanin (49), Negative controls were per- 
formed with species-specific IgG (Jackson ImmunoResearch Laboratories 
Inc.) or preincubation of the antibodies with blocking peptides or pro- 
teins. After washing and a second blocking step, sections were incubated 
with horseradish peroxidase-conjugated secondary antibodies (Jackson 
ImmunoResearch Laboratories Inc.) (1/100). For immunonuoresence, 
secondary antibodies were Cy3-conjugated goat anti-rabbit antibody 
(1/100 dilution) or Cy2-conjugated anti-goat antibody (1/100 dilution) 
(Jackson ImmunoResearch Laboratories Inc.). 

Western blot analysis. For phosphorylated smadl/5, interphalangeal 
joints were dissected, frozen, thawed twice, and stored in 6 M urea/10 mM 
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Tris/pH 78. Five-hundred ng protein, diluted in 4x NuPAGE-LDS buffer 
(Invitrogen Corp.) was analyzed under reducing conditions (2% mercapto- 
ethanol and 0.1 M DTT) in NuPAGE-MES-SDS buffer (Invitrogen Corp.). 
Proteins were transferred onto a PVDF membrane in 0.4 M glycine/0.5 
M Tris-base/0.01 M SDS and 200 ml/l methanol. Blots were probed with 
antibody PSl (1/2500 in TBS-Triton/3% milk) and washed with TBS-Tri- 
ton, and goat anti-rabbit horseradish peroxidase-conjugaced secondary 
antibody (1/5000 in TBS-Triton/3% milk) Qackson ImmunoResearch 
Laboratories Inc.) was added. For visualization, we used SupcrSignal Pico 
Chemiluminescent Substrate (Pierce). 

For noggin, tibialis anterior muscles were injected with 300 |xg 
pcDNA3.1+noggin or empty vector. After 72 hours, muscles and blood 
were collected. Muscles were extracted in 1 M guanidium hydrochlo- 
ride/50 mM Na-acetate overnight. Samples were desalted, lyophilized, 
and redissolved in 200-^1 immunoprecipitation buffer (150 mM NaCl/1 % 
NP-40/2 mM EDTA/50 mM NaF/1 mM Na4P2O7/20 mM Tris/pH 7.6). 
Samples and serum were incubated overnight at 4''C with 2 ^ig goat 
anti-noggin antibody. Protein A/G sepharose solution (Amersham 
Biosciences) was used for precipitation. Pellets were dissolved in loading 
buffer-8 M urea. Western blot was performed as above with goat anti-nog- 
gin polyclonal affinity purified antibody (R&D Systems) (1/5000) and 
horseradish peroxidase- conjugated mouse anti-goat (1/20000) Qackson 
ImmunoResearch Laboratories Inc.). Recombinant noggin-Fc (R&D Sys- 
tems) (10 ng) was used a positive control. 

PCR. RNA was isolated from tibialis anterior muscle or interphalangeal 
joints using Trizol (Invitrogen Corp.) and reverse transcribed (Superscript III; 
Invitrogen Corp.). For conventional PCR, the following primers were used: 
^-actin forward primer 5'-TGACGGGGTCACCCACACTGTGCCCATC- 
TA-3'; ^-actin reverse primer 5'-CTAGAAGCAnTGCGGTGGACGATG- 
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embryonic region, at the border of the serosa. The zygotic 
expression could then be maintained by an autoregulatory loop. 
To test this possibility, orii-i -binding sites in its regulatory region 
will have to be identified, and the effects of disrupting this site will 
have to be tested in vitro and in vivo. 

As previously proposed' bicoid might have evolved from a 
duplicated zerkniillt'like gene, which was converted by mutation 
into a gene that codes for a K50HD containing protein— thus 
adopting the same DNA-binding specificity as Otd-1. During 
evolution of the higher Diptera, otd expression came under the 
regulation of the maternal gene bicoid, so that maternal Otd-1 
function was not longer required. Thus, otd was restricted to 
become a gap gene in insects derived from this lineage. □ 

Methods 

GenBank accession number AJ223627 {Tribolium castaneum mRNA for Orthodenticle-l 
protein) was used in this study. 

Antibody production and staining 

A polyclonal antibody was produced by immunizing rabbits with bacterially expressed 
Tribolium Orthodenticle- 1 protein (Eurogentec). The coding region of the protein used in 
immunization corresponds to position 760-1474 of the mRNA", which was cloned into 
the Pvull site of the PRSET A vector (Invitrogcn). Immunohistochemistry for Otd-1 and 
Engrailed (using the 4D9 antibody) expression, was carried out as described previously'^ 
In situ hybridizations were performed according to ref. 19; the embryos shown in Fig. la-f 
are from the same immunohistochemical reaction and were processed identically. 

RNA interference 

dsRNA was produced as described^^ using the Maxi-Script Kit (Ambion). The otd-1 
dsRNA was produced from a complementary- DN A deletion clone ( APst), representing the 
3' part of the RNA (position 1215-1991)'*, which does not contain the homeobox. The 
cDNA clone that contains the complete open reading frame, and another deletion 
construrt, AXho, which represents the 5' part of the RNA (position 1-918)", included the 
homeobox and were used as controls (not shown). Tribolium hb dsRNA was produced 
from a 2.4-kilobase cDNA clone". Eggs were collected at intervals of 2 h and were 
microinjected using a standard injection apparatus. At the time of injection, embryos were 
at an early stage of nuclear division. For parental RNAi, female pupae were immobilized 
with heptane glue in a Petri dish lid, and injected by free hand under a stereomicroscope, 
using a glass capillary held by a needle holder connected to an air-filled syringe. dsRNA 
(500 ng j^r') was injected to produce otd- 1 or hb'^^^' embryos, and equal amounts of 
both cURNA preparations (1 figjiP') were injected to produce otd-l/hb^^ embryos. 
Distal-less dsRNA (900 base pairs) was injected at a concentration of 1 ^ig iil" ' as a control. 
Only the appendage-specific phcnotype" was obtained in all of the analysed cuticles 
(n = 43), irrespective of the higher number of molecules injected. 
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During skull development, the cranial connective tissue frame- 
work undergoes intramembranous ossification to form skull 
bones (calvaria). As the calvarial bones advance to envelop the 
brain, fibrous sutures form between the calvarial plates^ Expan- 
sion of the brain is coupled with calvarial growth through a series 
of tissue interactions within the cranial suture complex^. Cranio- 
synostosis, or premature cranial suture fusion, results in an 
abnormal skull shape, blindness and mental retardation^. Recent 
studies have demonstrated that gain-of-function mutations in 
fibroblast growth factor receptors ifgfr) are associated with 
syndromic forms of craniosynostosis***. Noggin, an antagonist 
of bone morphogenetic proteins (BMPs), is required for embry- 
onic neural tube, somites and skeleton patterning*^. Here 
we show that noggin is expressed postnatally in the suture 
mesenchyme of patent, but not fusing, cranial sutures, and that 
noggin expression is suppressed by FGF2 and syndromic fgfr 
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signalling. Since noggin misexpression prevents cranial suture 
fusion in vitro and in viVo, we suggest that syndromic fgfr- 
mediated craniosynostoses may be the result of inappropriate 
downregulation of noggin expression. 

In the mouse, the posterior frontal cranial suture fuses in the first 
45 days of life, whereas all other sutures, including the sagittal and 
coronal, remain patent'. The dura mater regulates cranial suture 
fusion through multiple pathways', including signalling by trans- 
forming growth factor-gl (refs 9, 10) and fibroblast growth factor-2 
(FGF2)" from the posterior frontal dura mater. To address whether 
posterior frontal suture fusion is indeed an active process, when 
compared with sagittal or coronal suture patency, we examined 
other factors known to promote bone formation, such as BMPs^^'^^. 

Surprisingly, we found abundant BMPs in both fusing and patent 
cranial sutures on gene chip analysis and in quantitative red-time 
polymerase chain reaction with reverse transcription (RT-PCR) 
(data not shown), Immunohistochemistry localized BMP4 protein 
to the suture mesenchyme and osteogenic fronts of the posterior 
frontal suture 1 week before the onset of fusion, as well as to patent 
sutures (Fig. la and b). The presence of BMP4 in fusing and non- 
fusing sutures suggested that there might be suture-specific regu- 
lation of BMP activity by secreted BMP antagonists^'^*'*"'^. 

We therefore screened for BMP antagonist messenger RNAs 
before (day 15), during (days 35 and 42), and after (day 50) the 
period of predicted suture fusion using in situ hybridization. We did 
not detect dan/cerberus family antagonists {gremliny dcr4 (GenBank 
accession number AA289245), prdc^'', sost^^y dcr7 (GenBank acces- 
sion number BC021458) or cerherus) in either patent or fusing 
sutures; however, we detected noggin in patent sutures (data not 
shown). To facilitate the temporal and spatial analysis of noggin 
expression, we used in-frame lacZ/noggin transgenic mice*. Stage- 
specific lacZ staining revealed noggin expression in the patent 
sagittal and coronal sutures before, during, and after the period of 




Day 50 



Figure 1 BMP4 and noggin expression in patent and fusing sutures, a, Photomicrograph 
of BMP4 immunolocalization in 18-day-otd patent sagittal suture. Note staining in the 
suture mesenchyme and cells lining the osteogenic fronts. Controls, from which primary 
antibodies were omitted, yielded no detectable staining, b. Photomicrograph of BIV1P4 
immunolocalization in 18-day-old posterior frontal suture, 1 week before the onset of 
suture fusion. Note the staining in the suture mesenchyme and cells lining the osteogenic 
fronts. Controls, from which primary antibodies were omitted, yielded no detectable 
staining, c, Ontogeny of noggin expression in the patent sagittal and coronal sutures 
compared with the fusing posterior frontal suture. Sections from sutures in lacZ/noggin 
transgenic mice were stained on the indicated days (day 15 is before onset of posterior 
frontal suture: day 35 is during posterior frontal suture fusion; day 50 is after posterior 
frontal suture fusion). The posterior frontal suture fuses in an endocranial to ectocranial 
direction. Arrow indicates initial endxrania) bridging (posterior frontal day 35). 



predicted suture fusion (Fig. Ic). In marked contrast, there was 
almost no noggin expression in the fusing posterior frontal suture 
complex as early as day 15 (Fig. Ic). 

Because BMP4 is present in both fusing and patent sutures, and 
osteoblasts line the osteogenic fronts of these sutures, we examined 
the effects of BMP4 on Noggin expression in osteoblasts. Primary 
calvarial osteoblasts treated with BMP4 expressed Noggin protein in 
a dose-dependent manner (Fig. 2a). If BMP4 induces Noggin 
expression, how can the posterior frontal suture fuse? Significantly, 
only the posterior frontal dura mater expresses FGF2 mRNA and 
protein in vivo^ and produces high levels of FGF2 in culture (Fig. 2b). 
FGF2 might therefore regulate BMP4-induced Noggin expression in 
calvarial osteoblasts'^. Interestingly, FGF2 disrupts Noggin induc- 
tion in a dose-dependent fashion (Fig. 2c). This suggests that 
environments with a low FGF2 concentration (that is, sagittal or 
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Rgure 2 8MP4-induced Noggin expression in primary osteoblasts and dural cells is 
suppressed by FGF2 and /|?/^gain-of -function mutations, a, Western analysis of BMP4- 
induced {concentrations are shown in ng ml"^) Noggin in primary calvarial osteoblasts, b, 
FGF2 western analysis of cultured posterior frontal (PF), sagittal (SAG) and coronal (COR) 
dura mater, c, Noggin western analysis on primary calvarial osteoblasts treated with 
BMP4 and FGF2 (concentrations of both are shown in ng mP "*). d. Noggin western 
analysis of cultured posterior frontal (PF). sagittal (SAG) and coronal (COR) dura mater. 
Minus signs, untreated dura mater; plus signs, treatment with lOOng ml"^ BIWP4. e. 
Noggin western analysis of cultured coronal dura mater after treatment with FGF2 
{concentrations shown in ng mP^) or transfectlon with an adenovirus containing facZ 
{A6lacZ, 100 (++) multiplicity of infection (MOI)) or fgf2 {Ma\sfgf2; 50 (+) and 100 
(++) MOI, respectively), f, Noggin western analysis on sagittal dura mater transduced 
with a retrovirus containing wild-type fgfr2i}NT fgfr2), Apert mutated fgfr2 {S252Wf gfr2) 
or Crouzon mutated fgfr2 {03A2y/fgfr2). g, Noggin western analysis on BMP4 
(25 ng mP ^treated osteoblasts transduced with a retrovirus containing wild-type 
fgfF2^ fgfr2), Apert mutated fgfr2 {S252Wfgfr2) or Crouzon mutated fgfr2 
{ZZA2Wgfr2). 
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coronal sutures) might not suppress BMP-induced Noggin 
expression, but environments high in FGF2 (that is, posterior 
frontal suture) reduce Noggin expression and enable suture fusion. 
These findings in vitro correlate with murine expression patterns 
in vivo for FGF2 (ref. 9) and Noggin in posterior frontal, sagittal and 
coronal sutures (Fig. Ic). 

Whereas BMP4 stimulates Noggin expression in calvarial osteo- 
blasts, the suture-specific dura mater is an independent source of 
Noggin; thus, the dura mater might be directly patterning cranial 
suture fate by interrupting BMP signalling. Cultured dura mater 
cells from patent sutures expressed high levels of Noggin protein 
without BMP stimulation, whereas the dura mater from the fusing 
posterior frontal suture expressed almost undetectable levels of 
Noggin. Treating these dural cell cultures with BMP4 had little 
impact on Noggin protein production (Fig. 2d), indicating that 
Noggin expression might be near maximal in sagittal and coronal 
dural cell cultures. Furthermore, treatment with BMP4 does not 
overcome endogenous FGF2-mediated Noggin suppression in 
the posterior frontal dura mater (Fig. 2d). Interestingly, when 
signalling mediated by FGF receptors (FGFRs) was disrupted with 
a dominant-negative FGFR 1 adenoviral construct, posterior frontal 
dural cells did not express Noggin (data not shown). However, 
complete abrogation of FGF2 signalling is difficult, and the failure of 
our dominant- negative construct to restore Noggin expression 
might indicate that levels of the truncated FGFRl receptor were 
insufficient to competitively inhibit wild-type receptors. 

While blocking FGF signalling^" or FGF2 activity^^ prevents 
cranial suture fusion or osteogenesis, respectively, our findings 
suggest that exogenous FGF signalling is capable of suppressing 
Noggin expression during cranial suture fusion. For example, 
treatment with FGF2 suppressed Noggin production from coronal 
(Fig, 2e) and sagittal (data not shown) dura mater in a dose- 
dependent fashion. Taken together, these findings suggest that FGF2 
guides suture fate (patency versus fusion) by regulating suture- 
specific Noggin production in osteoblasts and dura mater and, in 
turn, suture-specific BMP activity. Moreover, these data suggest a 
possible mechanism for syndromic craniosynostoses arising from 
fgfr gain-of-function mutations. 

Because constitutive FGFR signalling is associated with syndro- 
mic forms of premature cranial suture fusion, we investigated the 
role of Noggin in a previously established model of FGF-mediated 
coronal synostosis'^. In this model, injection of an FGF2-expressing 
adenovirus into perinatal coronal dura mater led to FGF2 over- 



Gross Histology 




Figure 3 FGF2 suppresses noggin expression in coronal dura mater in vivo. Gross ( x 5 
original magnification) and histological { x 100 original magnification) views of stained 
iacZI noggin transgenic 9-day-old coronal sutures after microinjection of PBS, 1 0^ PFU of 
an adenovirus containing gfp [Mgf^j or 10^ PFU of an adenovirus containing fgf2 
{MCAsfgf2). Animals were microinjected on day 3 of life. Injection of PBS {n = 9) or 
Mgfpin = 1 1) did not affect nw/ir? expression. In marked contrast, MCJ\sfgf2{n = 1 3) 
led to noggin suppression in all animals transfected. The dotted circle denotes area of 
microinjection. 



expression, pathological osteogenesis and suture fusion within 30 
days. Just as the application of FGF2 protein suppressed Noggin 
production in coronal dura mater in cuhure, infection with the 
FGF2-expressing adenovirus completely ablated Noggin expression 
(Fig, 2e). Injection of this FGF2-expressing adenovirus into the 
coronal dura mater of neonatal lacZ/noggin transgenic mice led to 
the suppression of Noggin expression in all animals (Fig. 3) and 
pathological coronal suture fusion (ref. 20, and data not shown). 
Taken together, our cell culture and in vivo data suggest that 
increased FGFR signalling might lead to suture fusion by suppres- 
sing Noggin production in the dura mater and osteoblasts of 
normally patent cranial sutures. 

Because FGF2 misexpression led to Noggin suppression in 
coronal sutures, we investigated the effects of Apert {S252W) and 
Crouzon (C342Y) syndrome fgfr2 gain-of-function mutations on 
Noggin production in dural cell and osteoblast cultures". Although 
infection with a wild-type fgfr2 retrovirus did not substantially 
affect Noggin expression, both Apert and Crouzon syndrome J^2 
mutants markedly downregulated Noggin protein production in 
sagittal dura mater (Fig. 2f). The Apert and Crouzon fgfr2 con- 
structs also downregulated BMP4- induced Noggin expression in 
calvarial osteoblasts (Fig. 2g). Because both Apert and Crouzon 
syndrome fgfr gain-of-function mutations promote pathological 
suture fiision, these findings provide an important link between the 
murine models and the gain-of-ftinction fgfr mutations associated 
with syndromic forms of human craniosynostosis. 

Having demonstrated that Noggin is normally expressed in the 
patent suture complex and that posterior frontal dura mater- 
derived FGF2 suppresses Noggin, we proposed that forced 




Hgure 4 Noggin misexpression maintains posterior frontal suture patency in vivo. 
a. Anterior view of 53-day-old CD-I mice. The posterior frontal sutures of these mice 
were injected with 1 0® PFU of an adenovirus containing lacZ (left, o = 1 2) or noggin 
{right, /7 = 9) on day 3 of life, b, Lateral view of mice injected with Ad/acZ(left) and 
Mnoggin (right). Mnoggin-miecleti animals had a marked reduction in midface 
projection, c, The distance between the eyes of Adnogg/n-injected mice was significantly 
greater than that of Ad/acZ-injected mice (intercanthai distance 8.28 ± 0.7 mm versus 
6.68 ± 0.6 mm, *P < 0.0001) owing to increased frontal bone growth perpendicular to 
the posterior frontal suture, d, Histological section (xlOO original magnification) of the 
posterior frontal suture of Ad/acZ- injected mouse. The posterior frontal suture is fused, 
e, Histological section (xlOO original magnification) of the posterior frontal suture of an 
Mnoggin-\n\ectB6 mouse. Dotted lines indicate osteogenic fronts of widely patent 
posterior frontal suture. 
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expression of noggin would maintain posterior frontal suture 
patency. We first examined the effects of noggin misexpression in 
a previously established in vitro organ culture model". Using a 
noggin-expressing adenovirus, 22-day-old posterior frontal sutures 
were infected and placed in organ culture. After 30 days, all 
posterior frontal sutures mock-infected or infected with lacZ 
virus were fused. In marked contrast, all posterior frontal sutures 
infected with the noggin virus were widely patent (Supplementary 
Information). 

To test the effects of noggin misexpression in vivo, the posterior 
frontal sutures of 3-day-old CD-I mice were injected with PBS, a 
lacZ adenovirus (AdlacZ) or a noggin adenovirus (Adnoggin). After 
50 days, the Ad«oggm-infected mice had short broad snouts and 
widely spaced eyes (Fig. 4a and b). The distance between the eyes of 
Adnoggin-infecXed mice was significantly greater than that of 
Ad/flcZ-injected mice (intercanthal distance 8.28 ± 0.7 mm versus 
6.68 ± 0.6 mm, P< 0.0001; Fig. 4c) owing to increased frontal 
bone growth perpendicular to the posterior frontal suture. Histo- 
logical analysis demonstrated that all mice injected with PBS 
(n = 11) and Ad/acZ virus {n = 12) had normally fused posterior 
frontal sutures, whereas the posterior frontal sutures of all Adnoggin- 
injected mice (n = 9) were widely patent (Fig. 4d and e). This result 
demonstrates that noggin misexpression at an early stage of suture 
development has profound consequences on cranial suture fate. 

Homozygous noggin mice die at birth with multiple defects 
that include joint fusion of the appendicular skeleton*. While 
human noggin mutations have been linked to the fusion of finger 
joints (proximal symphalangism)^*, nothing was previously known 
about the role of noggin in calvarial joint (suture) biology until the 
opposing activity of Noggin and BjMP4 in the dorsal lip of 
amphibian gastrulae led us to examine whether Noggin antagonized 
BMP4 in postnatal cranial sutures^*. Here we have demonstrated 
that Noggin, a high- affinity secreted BMP antagonist, is present 
only in patent sutures and is decisively regulated by FGF signalling. 
Because Noggin enforces suture patency, syndromic _^-mediated 
craniosynostoses might result from inappropriate Noggin suppres- 
sion. Finally, ectopic noggin expression prevents the fusion of mouse 
posterior frontal sutures, raising the possibility that therapeutic 
Noggin could be exploited to control postnatal skeletal 
development. □ 

Methods 

Gene chip analysis 

Total RNA was isolated and pooled from posterior frontal and sagittal sutures (n = 20 per 
time point) with associated dura mater from Sprague-Dawley rats at times before, during 
and after programmed posterior frontal suture fusion. Synthesis of cDNA, in vitro 
transcription and biotin labelling of cRNA, and hybridization to the R34U A Chips 
(Afifymetrix) were performed in accordance with Afifymetrix protocols. Expression data 
were analysed with Microarray Suite 5.0 (Afifymetrix) and Genespring 4.2 (Silicon 
Genetics) software. Overall chip intensities were scaled to an artificial mean to permit 
chip-to-chip comparisons and normalized to day 30 (post-fusion) sutures. 

Quantitative real-time RT-PCR 

RNA was harvested with the Ambion RNAqueous for PGR kit in accordance with the 
manufacturer's instructions, including incubation with DNase I to remove any genomic 
contamination. Taqman (Applied Biosystems, Foster City, California) primer and probe 
sets for bmp2, hmp4 and i>mp7 were designed with PrimerExpress Software (Applied 
Biosystems) and screened for appropriate amplification by using end-point RT-PCR 
analysis. Rodent glyceraldchyde-3-phosphate dehydrogenase igapdh) primer and probe 
reagents were purchased from Applied Biosystems. Quantification was performed with the 
ABI Prism 7900HT Sequence Detection System (Applied Biosystems) in a two-step non- 
multiplexed assay in accordance with the relative standard method. IVanscript 
quantification was performed in triplicate for every sample and reported relative to gapdh. 

(mm unohistochemistry 

Immunohistochemistry was performed on 18-day-old mice as described previously^*. 
Sections were de- waxed in xylene, blocked in 10% goat serum, incubated in polyclonal 
BMP4 antibody (R&D Systems) or PBS alone (control), followed by a biotinylated anti- 
rabbit antibody, and amplified with an avidin-biotin enzyme complex (ABC kit; Vector 
Laboratories). Detection was performed with 0.05% 3,3-diarainobenzidine chromophore 
(Sigma) and 0.03% hydrogen peroxide in 0.1 M Tris-HCl, pH 7.4. Sections were lightly 
counterstained with haematox^in. 
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in situ hybridization 

Calvaria were harvested, decalcified and embedded as described previously^'. Antisense 
gremlin, dcr4, prdc, sost, dcrJy cerberus and noggin riboprobcs were labelled with ''S-UTP 
and in situ hybridization was performed with sundard protocols''. Sections were 
counterstained with Hoechst 33258 (5|i,gmr') to reveal nuclei. 

Staining 

Calvaria were stained as described previously*. Whole calvaria were fixed in 4% 
paraformaldehyde for 20 min and placed in standard staining solution (5 mM potassium 
ferricyanide, 5 mM potassium ferrocyanide, 2 mM MgCl2, 0.4% 5-bromo-4-chloro-4- 
indolyi-0-D-galactopyranoside in PBS) overnight at 4 "C. The following day, samples were 
incubated for 4r-6 h at 37 "C (wild-type littermates served as controls). Stained calvaria 
were dehydrated through an alcohol series and embedded in paraffin. Sections were cut at 
5 |im thickness and lightly counterstained with haematox^in and eosin. 

Western blot analysis 

Dura mater or osteoblast cultures were grown to confluence, starved in low-serum 
medium for 24 h and then treated with various doses of BMP4 and/or FGF2. Medium was 
collected 24 h after cytokine treatment and incubated vnth immobilized heparin- 
Sepharose beads (Pharmacia). Bound proteins were eluted by heating at 95 °C. Denatured 
samples were fractionated by 10% SDS-polyacrylamide-gel electrophoresis, transferred to 
a poly(vinylidene difluoride) membrane and probed with RP57-16 anti-Noggin 
antibody". Blots were exposed to a horseradish-peroxidase-conjugated goat anti-rat IgG 
and developed with ECL chemiluminescent reagents (Amersham Pharmacia Biotech). All 
membranes were stained with Ponceau S to ensure equivalent loading and transfer. 

Retroviral infection 

The p\JSXN/Jjgfr2 constructs were co-transfected with an ecotropic packaging vector into 
HEK-293 cells. Supernatants were collected, passed through a 0.45 jim filter and frozen at 
-80°C. Osteoblasts and dural cells were infected in the presence of 8 fig ml"' Polybrene 
(Sigma) and selected in medium containing 0418 (400 fig mP'). 

Adenoviral infection in vitro 

Adenoviruses were prq)ared as previously described". Calvaria from 22-day-old CD-I 
mice were isolated and washed. The posterior frontal sutures were injected with PBS 
(« = 6), AdtecZ ( lO' plaque-forming units (PFU), n = 7) or Kdnog^n (10* PFU, n = 5). 
Infected and control calvaria were placed on a 3.0-nm culture well insert and fed with 
standard BGJb medium (pH 7.4). All sutures were harvested after 30 days in culture and 
immediately fixed in 4% paraformaldehyde. Calvaria were photographed, processed, 
embedded and sectioned. 

Adenoviral infection in vivo 

To determine the eflFects of FGF2 on noggin expression, the coronal sutures of 3-day-old 
transgenic lacZ/noggin mice were injected with PBS (n = 9), an adenovirus containing 
green fluorescent protein (Adgjp, lO' PFU, n = 11) or an adenovirus containing fgfi 
(AdCAsfe/2, 10' PFU. n = 13). Animals were harvested 6 days after injection. 

To determine the effects of noggin expression on suture patency, the posterior frontal 
sutures of 3-day-old CD-I mice were injected with PBS {n= 11), an adenovirus 
containing lacZ ( lO' PFU, n= 12) or an adenovirus containing noggin (10^ PFU, n = 9). 
Previous work has documented widespread infection by such viruses, with expression 
detectable for 30 days (ref. 20). At 50 days after injection, animals were harvested and 
photographed, and intercanthal distances were measured with digital calipers with an 
accuracy of 0.01 mm (Model CD-6 CS, Mitutoyo, Kanagawa, Japan). A paired r-test was 
performed to determine statistical significance. After measurement, the skulls were 
processed, embedded and sectioned. 

Received 2 October 2002; accepted 7 March 2003; doi:10.1038/nature01545, 

1. Slavkin, H. C. Developmental Craniofacial Biology (Lea & Febigcr, Philadelphia, 1979). 

2. Thilander, B. Basic mechanisms in craniofacial growth. Aaa Odont(^ Scand. 53, 144-151 (1995). 

3. McCarthy, ). G., Epstein, F. ). & Wood-Smith, D. in Plastic Surgery (cd. McCarthy, J. G.) 301 3-3053 
(W.B. Saunders Co.. Philadelphia, 1990). 

4. Cohen, M. M. Jr Craniosynostoses; phenotypic/mol«cular correlations. Am. J. Med. Genet. 56» 
334-339 (1995). 

5. Wilkie, A. O. M. Craniosynostosis: genes and mechanisms. Hum. Mol. Genet. 6, 1647-1656 

(1997). 

6. Brunei, L. J., McMahon, J, A., McMahon, A. P. & Harland, R. M. Noggin, cartilage morphogenesis, 
and joint formation in the mammalian skeleton. Science 280, 1455-1457 (1998). 

7. McMahon, ]. A et al. Noggin-mediated ant^onism of BMP signaling is required for growth and 
patterning of the neural tube and somite. Genes Dev. 12, 1438-1452 (1998). 

8. Capdevila, |. & fohnson, R. L. Endogenous and ectopic expression of noggin suggests a conserved 
mechanism for regulation of BMP function during limb and somite patterning. Dev. Biol 197, 
205-217(1998). 

9. Warren, S. M. et al. New developments in cranial suture research. Blast. Reconstr. Surg. 107, 523-540 
(2001). 

10. Opperman, L. A., Nolen, A. A & Ogle, R. C. TGF-beta 1. TGF-beu 2, and TGF-beta 3 exhibit distinct 
patterns of expression during cranial suture formation and obliteration in vivo and in vitro. /. Bone 
Miner Res. 12, 301-310 (1997). 

11. Grcenwald, J. A. et aL Regional differentiation of cranial suture-associated dura mater in vivo and 
in vitro: implications for suture fusion and patency. /. Bone Miner. Res. 15, 2413-2430 (2000), 

12. Wozney, J. M. et al. Novel regulators of bone formation: Molecular clones and activities. Science 242, 
1528-1534(1988). 

13. Wang, E. A, et al. Recombinant human bone morphogenetic protein induces bone formation. Proc. 
Natl Acad. Sci. USA 87, 2220-2224 (1990). 

NATURE I VOL 422 j 10 APRIL 2003 1 www.nature.com/nature 



® 2003 Nature Publishing Group 



letters to nature 



14. Zinunerman. L B., De Jesus-Escobar. J. M. & Harland, R. M. The Spemann o^anizer signal noggin 
binds and inactivates bone morphogenetic protein 4. Cell 86, 599-606 (1996). 

15. Hsu, D. R., Economides, A. N., Wang, X., Eimon, P. M. & Harland, R. M. The Xenopus dorsalizing 
factor gremlin identifies a novel family of secreted proteins that antagonize BMP activities. Mol Cell 1, 
673-683(1998). 

16. Capdevila, J., Tsukui, T., Rodriquez Esteban, C, Zappavigna, V. & Izpisua Belmonte, ]. C. Control of 
vertebrate limb outgrowth by the proximal ^or Meis2 and distal antagonism of BMPs by gremlin. 
Mol Cyi4, 839-849 (1999). 

17. Minabe-Saegusa. C, Saegusa. H., Tsukahara, M. & Noguchi, S. Sequence and expression of a novel 
mouse gene PRDC (protein related to OAK and cerberus) identified by a gene trap approach. Dev. 
Growth Differ. 40. 343-353 (1998). 

18. Brunkow, M. E ef al. Bone dysplasia sclerosteosis results from loss of the SOST gene product, a novel 
cystine knot-containing protein. Am. /. Hum. Genet. 68, 577-589 (2001). 

19. Gazzerro, E., Gangji, V. 8c Canalis, E. Bone morphogenetic proteins induce the expression of noggin, 
which limits their activity in cultured rat osteoblasts. /. Clin. Invest. 102, 2106-21 14 (1998). 

20. Greenwald, |. A. et al In vivo modulation of FGF biological activity alters cranial suture fate. Am. 
/. PathoL 158. 441-452 (2001). 

2 1 . Moore, R., Ferretti, P.. Copp, A. & Thorogood, P. Blocking endogenous FGF-2 activity prevents cranial 
osteogenesis. Dev. Biol 243, 99-114 (2002). 

22. Mansukhani, A., Bellosta. P., Sahni, M. 8c Basilico, C. Signaling by fibroblast growth factors (FGF) and 
fibroblast growth factor receptor 2 (FGFR2) -activating mutations blocks mineralization and induces 
apoptosis in osteoblasts. /. Cell Biol 149, 1297-1308 (2000). 

23. Bradley, I P. et al Studies in cranial suture biology: in vitro cranial suture fusion. Oe^ Palate- 
Craniofac. J. 33, 150-156 (1996). 

24. Dixon, M. £., Armstrong. P., Stevens, D. B. & Bamshad, M. Identical mutations in NOG can cause 
either tarsal/carpal coalition syndrome or proximal symphalagism. Gen. Med. 3, 349-353 (2001). 

25. Roth, D. A. et ai Studies in cranial suture biology. I. Increased immunoreactivity for transforming 
growth factor-beta (3 1, 32, 33) during rat cranial suture fusion. /. Bone Miner. Res. 12, 31 1-321 (1997). 

26. Bradley, J. P., Levine. J. P., Roth. D. A., McCarthy, J. G. 8c Longaker, M. T. Studies in cranial suture 
biology. IV. Temporal sequence of posterior frontal cranial suture fusion in the mouse. Plast. Reamstr. 
Surg.9S, 1039-1045(1996). 

27. Albrecht, U.. Helms, J. A. & Lin, H. in Mokeularand CeUidar Methods in Developmental TomctAogy (ed. 
Daston. G. P.) 23-48 (CRC Press, Boca Raton, 1997). 

28. Paine-Saunders, S., Viviano, B. L., Economides, A. N. & Saunders, S. Heparan sulfate proteoglycans 
retain noggin at the cdl surface: A potential mechanism for shaping bone morphogenetic protein 
gradients. /. BioL Chem. 277. 2089-2096 (2002). 

Supplementaiy Information accompanies the paper on Naturt^s website 
(I htlp://w«m.natiin!.com/natiire). 

Acknowledgements We thank C. J. Tabin, 1. Thesleff, D. M. Kingsley and N. Quarto for 
comments and suggestions on this manuscript, and K. D. Pong, ]. A. Mathy and R, P. Nacamuli for 
their technical assistance. The human fgfrZjgfrZfSlSlW (Apert) and fgfrllChATi (Crouzon) 
retroviral constructs were provided by A. Mansukhami and C. Basilico (New York University). 
This work was supported by NIH grants (R.M.H. and M.T.L) and a Lyndon Pecr/PSEF 
Fellowship (S.M.W.). 

Competing interests statement The authors declare that they have no competing financial 
interests. 

CkHTeSpondence and requests for materials should be addressed to M.T.L 
(e-mail: Iongaker@^tanford.edu). 



Hie exocyst complex is required 
for targeting of Gliit4 to tiie 
plasma membrane by insulin 

Nlayuml inoue, Louise Chang, Joseph Itwang, Shian-Huey Chiang 
&AlanR.Sattiel 

Life Sciences InstitutCj Departments of Internal Medicine and Physiology, 
University of Michigan Medical Center, Ann Arbor, Michigan 48109, USA 

Insulin stimulates glucose transport by promoting exocytosis of 
the glucose transporter Glut4 (refs 1, 2). The dynamic processes 
involved in the trafficking of Glut4-containing vesicles, and in 
their targeting, docking and fusion at the plasma membrane, as 
well as the signalling processes that govern these events, are not 
well understood. We recently described tyrosine-phosphoryl- 
ation events restricted to subdomains of the plasma membrane 
that result in activation of the G protein TCIO (refs 3, 4). Here we 
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show that TCIO interacts with one of the components of the 
exocyst complex, Exo70. Exo70 translocates to the plasma mem- 
brane in response to insulin through the activation of TCIO, 
where it assembles a multiprotein complex that includes $ec6 
and Sec8. Overexpression of an £xo70 mutant blocked insulin- 
stimulated glucose uptake, but not the trafficking of Glut4 to the 
plasma membrane. However, this mutant did block the extra- 
cellular exposure of the Glut4 protein. So, the exocyst might have 
a crucial role in the targeting of the Glut4 vesicle to the plasma 
membrane, perhaps directing the vesicle to the precise site of 
fusion. 

To search for potential effectors of TCIO that have a role in 
insulin-Stimulated glucose transport, we screened a yeast two- 
hybrid complementary-DNA library derived from 3T3L1 adipo- 
cytes with a constitutively active mutant form of human TClOa', 
and identified two clones encoding the full-length sequence of 
Exo70, a component of the exocyst complex, which has been 
implicated in the tethering or docking of secretory vesicles**^. To 
explore the specificity of the interartion of TCIO with Exo70, we co- 
transfected 293T cells with myc-tagged Exo70 and haemagglutinin 
(HA) -tagged, constitutively active forms of mouse TClOa, Rhol, 
Racl or Cdc42 cDNAs*"'^ (Fig. la). Exo70 could be co-precipitated 
with TCIO, but not with Rho, Rac or Cdc42, indicating that its 
interaction with TCIO is specific. TC103 could also be co-precipi- 
tated with Exo70 (data not shown). To evaluate whether Exo70 is a 
potential effector of TCIO, we incubated lysates derived from cells 
expressing different forms of HA-tagged TCIO with a glutathione 
S-transferase (GST)-Exo70 fusion protein, to examine binding 
in vitro (Fig. lb). Exo70 bound to the constitutively active mutant 
TC10a(Q67L), but not to the dominant- interfering TC10ot(T23N). 
Identical results were obtained with the corresponding mutants 
TC103(T25N) and TC103(Q69L) (data not shown). To confirm that 
the interaction of TCIO with Exo70 was GTP-dependent, lysates 
expressing TCIO were loaded with GDP or a non-hydrolysable form 
of GTP (GTP7S) in vitro, and incubated with GST-Exo70. Exo70 
bound weakly to the GDP-bound form of TCIO, and strongly to the 
GTP-bound, activated state of the protein. These data show that 
Exo70 interacts with TCIO in a GTP-dependent manner. 

To study the function of Exo70 in glucose transport, we sought to 
map its TCIO binding site through a series of deletion mutants. 
Exo70 has only one putative protein-protein interaction region, a 
coiled-coil domain in the amino terminus (Fig. Ic). We deleted 
amino acids 1-384 of Exo70, and also prepared constructs expres- 
sing only amino acids 1-384, 1-99 or 100-384, and evaluated the 
ability of the mutants to bind constitutively active TC10a(Q67L) in 
a co-precipitation experiment. Whereas wild-type Exo70 (Exo70- 
WT) bound to TCIO, Exo70(385-653) (Exo70-C) did not. More- 
over, an Exo70 fragment containing only amino acids 1-384 
(Exo70-N) bound to TCIO, whereas Exo70 containing amino 
acids 1-99, which comprised the coiled-coil domain, bound weakly, 
and Exo70 containing residues 100-384 also bound weakly. These 
data indicate that amino acids 1-384 of Exo70 are both necessary and 
sufficient for binding to TCIO, but that this interaction requires more 
than the coiled-coil domain (Fig, Id and Supplementary Fig. I). 

We analysed the intracellular localization of Exo70 by immuno- 
histochemistry, and evaluated its potential regulation by insulin and 
TCIO. 3T3L1 adipocytes were transfected with myc-Exo70 plus or 
minus TCIO and its mutants. As shown in Fig. 2a, b, myc-Exo70 was 
distributed diffusely throughout the intracellular region. Co- 
expression of TCIO or its inactive mutant TC10(T23N) did not 
influence the localization of overexpressed myc-Exo70. By contrast, 
Exo70 was localized at the plasma membrane when co-expressed 
with the constitutively active mutant TC10(Q67L), indicating that 
TCIO activation stimulates the translocation of Exo70. We also 
examined whether the amino-terminal fragment of Exo70 (Exo70- 
N) translocated to the plasma membrane after expression of active 
TCIO. Unlike the wild-type form of the protein, this fragment did 
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This supplement to The Journal of Bone and Joint Sur- 
gery consists of articles based on presentations deliv- 
ered at the Fourth International Conference on Bone 
Morphogenetic Proteins, held in Sacramento, California, in 
October 2002. Many of these articles, particularly those on 
the clinical applications of recombinant human bone mor- 
phogenetic proteins (rhBMPs), will be of special interest to 
orthopaedic surgeons. For example, Einhorn' summarizes 
the results of prospective, randomized clinical trials of the 
use of rhBMPs in the treatment of tibial nonunions and 
open tibial shaft fractures. On the basis of the results of the 
tibial nonunion stud/, the United States Food and Drug Ad- 
ministration has issued a Humanitarian Device Exemption 
for the use of an OP-1 (rhBMP-7) implant as "an alternative 
to the patient's own bone (autograft) in recalcitrant long 
bone nonunions where autograft is unfeasible and alterna- 
tive treatments have failed."^ 

Sandhu and Khan* present a comprehensive review of 
preclinical experimental studies and prospective, randomized 
clinical trials of the effects of rhBMP implants on the rate and 
characteristics of fusion following posterolateral intertrans- 
verse process arthrodesis and following anterior lumbar inter- 
body arthrodesis with use of lordotic tapered cages. On the 
basis of the results of a pilot study, the Orthopaedic and Reha- 
bilitation Devices panel of the Food and Drug Administration 
recommended the approval of a multicenter clinical trial of 
rhBMP2/type-I collagen implants in lordotic tapered cages 
for anterior interbody arthrodeses. The Food and Drug Ad- 
ministration has now approved the use of the rhBMP-2/type-I 
collagen implant in a lordotic tapered cage for single-level an- 
terior interbody arthrodesis in the treatment of degenerative 
disc disease. 

The clinical application of BMPs appears to have en- 
tered a new phase, wherein the usefulness of rhBMP/carrier 
combinations in the treatment of orthopaedic problems will 
be progressively established and these devices will become 
available for an increasing variety of clinical applications. For 
example, Einhorn' also considers the possibility of using a sin- 
gle percutaneous injection of rhBMP to accelerate and en- 
hance the healing of closed fractures. This procedure would 
require the use of an injectable carrier with properties differ- 
ent from those of the type -I collagen carrier devices implanted 
during the operative treatment of open fractures. Seeherman 
et al. ^ provide an in-depth analysis of the problems associated 
with the development of an injectable carrier, describe the at- 



tributes and properties of an ideal injectable carrier, and ex- 
tensively evaluate the performance of a number of rhBMP/ 
carrier candidate combinations, including injectable calcium 
phosphate cement (a-BSM). 

The basic-science articles in this supplement examine 
the molecular mechanisms by which the BMPs exert their bio- 
logic functions. The BMPs elicit the chemotaxis, proliferation, 
and differentiation of mesenchymal stem cells into cartilage 
and then bone*. BMP signal transduction triggers these events. 
BMP signal transduction involves the binding of the BMP to 
its serine/threonine kinase receptors; the activation of the 
transcription factors Smads 1, 5, and 8; and the translocation 
of the activated Smads to the cell nucleus, where they activate 
the genes involved in cartilage and bone formation. However, 
the BMPs differ greatly in their osteoinductive activity. One 
recent study suggested that BMP-2, BMP-6, and BMP-9 most 
potently induce the osteoblast differentiation of mesenchymal 
stem cells^ Articles in this supplement describe the condi- 
tions that selectively favor chondrogenesis or osteogenesis'''. 

BMP signal transduction is regulated by BMP antago- 
nists, such as Noggin, which bind to the BMP extracellularly 
and block the binding of the BMP to its receptors. Recently, it 
was shown that BMP-4 is overexpressed in patients with 
fibrodysplasia ossificans progressiva"^ " and that whereas cells 
from normal human subjects exhibit increased expression of 
BMP antagonists on exposure to high concentrations of 
BMP-4, cells from patients with fibrodysplasia ossificans pro- 
gressiva do not'^ These observations led to the development 
of a procedure involving gene transfer of an engineered Nog- 
gin mutein that prevents BMP-4-induced heterotopic ossifi- 
cation in the mouse'\ Thus, studies that shed light on the 
pathogenesis of a genetic disorder in humans were based on 
knowledge of the molecular mechanisms that mediate and 
regulate BMP activity. The results of these studies led in turn 
to the development of a new modality of therapy to prevent 
pathological ossification. 

The basic-science articles in this supplement include an 
abundance of new, useful information about the molecular 
mechanisms that mediate and regulate the effects of the BMPs. 
This information provides the foundation for the develop- 
ment of new modalities of treatment for skeletal disease. 

— Lawrence C. Rosenbergy MD 
Deputy Editor for Research 
The Journal of Bone and Joint Surgery 
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Skeletal cells synthesize bone morphogenetic proteins 
(BMPs) and BMP antagonists. Noggin is a glycoprotein that 
binds BMPs selectively and antagonizes BMP actions. Noggin 
expression in osteoblasts is induced by BMPs and noggin op- 
poses the effects of BMPs on osteoblastic differentiation and 
function in vitro. However, its effects in vivo are not known. 
We investigated the direct in vivo effects of noggin on bone 
remodeling in transgenic mice overexpressing noggin under 
the control of the osteocalcin promoter. Noggin transgenics 
suffered long bone fractures in the first month of life. Total, 
vertebral, and femoral bone mineral densities were reduced 
by 23-29%. Static and dynamic histomorphometry of the fe- 
mur revealed that noggin transgenic mice had decreased tra- 



becular bone volume, number of trabeculae, and bone forma- 
tion rate. Osteoblast surface and number of osteoblasts/ 
trabecular area were not significantly decreased, indicating 
impaired osteoblastic function. Osteoclast surface and num- 
ber were normal/decreased, there was no increase in bone 
resorption, and the tissue had the appearance of woven bone. 
Vertebral microcomputed tomography scanning confirmed 
decreased trabecular bone volume and trabecular number. In 
conclusion, transgenic mice overexpressing noggin in the 
bone microenvironment have decreased trabecular bone vol- 
ume and impaired osteoblastic function, leading to osteopenia 
and fractures. VEndocrinology 144: 1972-1978, 2003) 



SKELETAL CELLS SYNTHESIZE a number of growth 
factors including bone morphogenetic proteins 
(BMP)-2, -4, and -6 (1, 2). BMPs are unique because they 
induce the differentiation of mesenchymal cells toward cells 
of the osteoblastic lineage and enhance the function of the 
osteoblast, playing an autocrine role in osteoblast formation 
and function (3-7). 

BMPs bind to specific receptors and signal either by activat- 
ing the P38 MAPK pathway or by phosphorylating the cyto- 
plasmic proteins mothers against decapentalegic (Smad) 1 and 
5, which form heterodimers with Smad 4, and following nuclear 
translocation regulate transcription (8-10). BMP activity is 
modulated by intracellular and extracellular antagonists, in- 
cluding pseudoreceptors that compete with signaling receptors, 
inhibitory Smads that block signaling, intracellular binding pro- 
teins that bind Smad 1 and 5, and factors that induce ubiquiti- 
nation and proteolysis of signaling Smads (11-15). In addition, 
a large number of extracellular proteir\s that bind BMPs and 
prevent their binding to signaling receptors have emerged. 
They include the components of the Spemann organizer, nog- 
gin, chordin, and foUistatin, members of the Dan/Cerberus 
family, and twisted gastrulation (16-23). The antagonists tend 
to be specific for BMPs and have been used to block BMP action 
and study its role in selected tissues. 

Noggin is one of the BMP antagonists that has been stud- 
ied in greater detail. Noggin is a secreted glycoprotein with 



Abbreviations: BMQ Bone nuneral content; BMD, bone nnineral den- 
sity; BMP, bone morphogenetic protein; BV/TV, trabecular relative bone 
volume; ^CT, microcomputed tomography; d, deoxy; L3, lumbar 3; 
Tb.Th., trabecular thickness. 



a molecular mass of 64 kDa, originally characterized as a 
component of the Spemann organizer and shown to induce 
dorsalization and the formation of neural tissue (16-18). 
Noggin binds with various degrees of affinity BMP-2, -4, -5, 
-6, and -7, and growth and differentiation factors 5 and 6, but 
not other members of the TGF/3 family of peptides (17, 24). 
Homozygous null mutations of the noggin gene in mice 
result in serious developmental skeletal abnormalities and 
joint lesions, and heterozygous gene mutations in humans 
result in multiple joint lesions (25, 26). These findings indi- 
cate embryonic and adult detrimental consequences second- 
ary to the lack of noggin, either directly or indirectly due to 
tissue overexposure to BMPs. The phenotypic lethality of 
noggin null mice has not allowed the definition of an adult 
skeletal phenotype in this model. 

Osteoblasts express noggin following BMP treatment and 
the addition of noggin to osteoblasts and stromal cell cultures 
decreases the stimulatory effects of BMPs on osteoblastic 
function and impairs osteohistogenesis and osteoclastogen- 
esis (7, 27). However, the consequences of noggin overex- 
pression in the bone microenvironment in vivo are not 
known. The intent of this study was to investigate the direct 
effects of noggin on bone remodeling. For this purpose, we 
created transgenic mice overexpressing noggin under the 
control of the osteoblastic specific osteocalcin promoter, and 
determined their skeletal phenotype. 

Materials and Methods 

Osteocalcin /noggin construct 

Noggin was expressed under the control of the osteocalcin promoter 
so that transcription would occur specifically in cells of the osteoblastic 
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lineage (28). For this purpose, a 1.7-kb fragment of the rat osteocalcin 
pron\oter (Dr. R. Derynck, San Francisco, CA) was used to direct tran- 
scription of a 0.7-kb fragment coding for murine noggin (16, 29). The 
second intron of the rabbit ^-globin gene (0.6 kb) was included between 
the osteocalcin promoter and noggin coding sequences, which were 
followed by a 0.2-kb fragment containing polyadenylation coding se- 
quences from the bovine GH gene. Before the generation of transgenic 
mice, the in vitro activity of the osteocalcin promoter construct was 
demonstrated by documenting its ability to direct green fluorescent 
protein gene expression in transiently transfected MC3T3 cells by flu- 
orescence microscopy (30, 31). The ability of the construct to drive 
noggin in vitro was confirmed by transiently transfecting the transgene 
construct into ROS17/2 osteosarcoma cells and identification of noggin 
transgene mRNA (by Northern blot analysis) and protein (by Western 
blot analysis; data not shown). 

Generation of transgenic mice 

Microinjection of linearized DNA into pronuclei of fertilized oocytes 
from CD-I outbred albino mice (Charles River Laboratories, Inc., Cam- 
bridge, MA), and transfer of nucroinjected embryos into pseudopreg- 
nant mice were carried out at the transgenic facility of The University 
of Connecticut Health Center (Farmington, CT). Positive founders for 
osteocalcin driven noggin transgene were identified by Southern blot 
analysis of tail DNA (32). Founder mice were bred to wild-type CD-I 
outbred albino mice. Heterozygous and nontransgenic littermates from 
the Fl and subsequent generations were selected by Southern blotting 
of genomic DNA. Heterozygous mice were intercrossed but failed to 
generate a homozygous offspring, possibly due to embryonic lethality. 
Transgenic mice overexpressing noggin were compared with wild-type 
littermates. All animal experiments were approved by the Animal Care 
and Use Conunittee of Saint Francis Hospital and Medical Center. 

Northern blot analysis and RT-PCR 

Calvarial or femoral RNA was isolated by the acid guanidium thio- 
cyanate-phenol-chloroform extraction method followed by purification 
with an RNeasy column (QIAGEN, Valencia, CA; Ref. 33). RNA was 
quantitated by spectrometry. For Northern blot analysis, equal amounts 
of RNA were loaded on a formaldehyde agarose gel following dena- 
turation. The gel was stained with ethidium bromide to visualize ribo- 
somal RNA and confirm equal RNA loading of the samples. The RNA 
was blotted onto GeneScreen Plus charged nylon (Perkin-Elmer, Nor- 
walk, CT) and uniformity of transfer confirmed by revisualization of 
ethidium bromide-stained ribosomal RNA. A 1.0-kb murine noggin 
cDNA (Regeneron Pharmaceuticals, Inc.), and a 752-bp murine 18S 
ribosomal RNA (American Type Culture Collection, Manassas, VA) 
were purified by agarose gel electrophoresis. cDNAs were labeled with 
[a-^^P]-deoxy (d)-CTP (50 /xCi at a specific activity of 3000 Ci/nrunol; 
Perkin-Elmer) using Ready-To-Go DNA-labeling beads (dCTP) kit ( Am- 
ersham Pharmacia Biotech, Piscataway, NJ), in accordance with man- 
ufacturer's instructions. Hybridizations were carried out at 42 C for 
16-72 h, followed by two post-hybridization washes at room temper- 
ature for 15 min in 1 X saline sodium citrate and a wash at 65 C for 20 
to 30 nun in 0.5X or IX saline sodium citrate. The bound radioactive 
material was visualized by autoradiography on X-AR5 film (Eastman 
Kodak Co., Rochester, NY), employing Cronex Lightning Plus (Perkin- 
Elmer) or Biomax MS (Eastman Kodak Co.) intensif)ang screens. 

For RT-PCR, 1 /ig of deoxyribonuclease I-treated total RNA from 
bone extracts was reverse transcribed with murine Moloney leukemia 
virus reverse transcriptase (Invitrogen, Rockville, MD) in the presence 
of 20 fiM reverse primer corresponding to an 18-bp fragment of bovine 
GH polyadenylation sequence present in the noggin vector. One mi- 
croliter of reverse transcription reaction was amplified by 30 cycles of 
PCR at 64 C annealing temperature in the presence of 20 /ulm 5' to 3' 
primer spanning bp +355 to -f-375 of noggin coding sequence, [a-^^P]- 
dCTP and 2.5 U of Taq polymerase to yield a product of a 388-bp 
predicted size. The products of the PCR were resolved by electrophoresis 
on a 6% polyacrylamide gel and visualized by autoradiography. North- 
em analysis and RT-PCR shown are representative of three samples. 



X-ray analysis and bone mineral density (BMD) 

Radiography was performed on mice anesthetized with Iribromo- 
ethanol (Sigma, St. Louis, MO) on a Faxitron x-ray system (model MX 
20, Faxitron X-Ray Corp., Wheeling, IL). Total, vertebral and femoral 
bone mineral content (BMC; grams), skeletal area (square centimeters), 
and BMD (grams per square centimeter) were measured on anesthetized 
mice using the PIXImus small animal DEXA system (GE Medical Sys- 
tems/Lunar Corp., Madison, WI; Ref. 34). Calibrations were performed 
with a phantom of a defined value, and quality assurance measurements 
were performed before each use. The coefficient of variation for total 
BMD is less than 1% (n = 9). 

Microcomputed tomography ( ^CT) scanning 

/xCT scanning of trabecular vertebral bone of transgenic and wild- 
type mice was determined using a /llCT-20 system (/LiCT-20; Scanco 
Medical, Zurich, Switzerland; Ref. 35). Tridimensional analysis was 
performed to calculate morphometric indices of the lumbar spine (L3), 
including bone volume density [bone volume (BV) /tissue volume (TV), 
%], bone surface (BS) to volume ratio (BS/TV, mm^/mm^ = 1/mm) 
trabecular thickness (Tb.Th., /xm), trabecular number (1/mm), and tra- 
becular separation (mm). 

Bone histomorphometric analysis 

Static and dynamic histomorphometry was carried out in nuce fol- 
lowing calcein injections, 20 mg/kg, 7 d, and 2 d before the mice were 
killed by CO2 asphyxiation. Femora were dissected and fixed in 70% 
ethanol. After dehydration, bone samples were embedded in methyl 
methacrylate and 5-/uim-thick longitudinal sections were cut on a Jung 
polycut (Reichert-Jung, Heidelberg, Germany) or a Microm microtome 
(Microm, Richards-Allan Scientific, Kalamazoo, MI) and stained with 
Masson, Masson-Goldner trichrome or toluidine blue stains. Static pa- 
rameters of bone formation and resorption were measured at a stan- 
dardized site using a BioQuant image analysis system (Nashville, OH), 
and an OsteoMeasure morphometry system (Osteometries, Atlanta, 
GA). Trabecular relative bone volume (BV/TV, %), Tb.Th. (micrometers) 
and trabecular number (per millimeter), and trabecular osteoblast and 
osteoclast surfaces (percentage) were measured. To detemriine the num- 
ber of osteoblasts and osteoclasts/bone or trabecular area (square mil- 
limeters), the number of cells present in 20 fields of 180 /mm^ each of bone 
area were counted. For dynamic histomorphometry, mineral apposition 
rate (micrometers per day) was measured on unstained sections under 
UV light, using a B-2A set long pass filter consisting of an excitation filter 
ranging from 450-490 nm, a barrier filter at 515 nm, and a dichroic 
mirror at 500 nm. Bone formation rate (cubed micrometers per square 
micrometers per day) was calculated. The terminology and units used 
are those recommended by the Histomorphometry Nomenclature Com- 
nuttee of the American Society for Bone and Mineral Research (36). 

Statistical analysis 

Results are expressed as means ± sem. Statistical significance was 
determined by Student's t test. 

Results 

Generation of transgenic mice and examination of 
transgene expression 

Two transgenic lines with analogous skeletal phenotype 
were generated, and one was studied in detail and is de- 
scribed. For this purpose, a founder expressing four to six 
copies of the transgene was used to generate heterozygous 
mice, which were compared with wild-type littermates. At- 
tempts to generate a homozygous offspring were unsuccess- 
ful, suggesting that high levels of noggin expression may 
compromise viability. However, there was no evidence of 
heterozygous lethality following he terozygote- wild-type 
matings, which generated the expected 50% heterozygous/ 
50% wild-type offspring. RT-PCR of RNA extracted from 
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calvariae (Fig. 1) and femora (not shown) demonstrated the 
presence of noggin transgene in bone from transgenic mice 
and not in wild-type littermate controls. Noggin mRNA was 
not detected by Northern blot analysis of calvariae from 6-, 
10-, or 28-wk-old wild-type mice. In contrast, noggin tran- 
scripts were clearly detectable in calvariae from noggin 
transgenic mice, although their levels declined as the animals 
aged (Fig. 1). This is probably a function of decreased activity 
of the osteocalcin promoter in older mice (28). 

Weight, x-rays, and BMD 

Transgenic heterozygous mice overexpressing noggin 
were smaller than wild-type littermates and the decrease in 
weight was sustained for a 6-month period (Table 1), The 
phenotype appeared limited to the skeleton because noggin 

Wr Ng WT Ng WT Ng 




6 10 28 

weeks 



WT Ng WT Ng WT Ng STD 



388 bp-^ 4k ii^ 




4 10 28 

weeks 

Fig. 1. Expression of noggin mRNA by Northern blot analysis {upper 
panel) and noggin transgene mRNA by RT-PCR {lower panel) in 
extracted calvariae from noggin transgenic (Ng) and wild-type (WT) 
control mice. Total RNA was extracted from calvariae of noggin trans- 
genics and wild-type controls of the indicated ages. In the upper panel, 
RNA was resolved by gel electrophoresis^ transferred to a nylon mem- 
brane, hybridized with [a-^^P] -labeled mouse noggin and 18S cDNAs, 
and visualized by autoradiography. In the lower panel, RNA was 
reverse transcribed, amplified by PGR in the presence of [a-^^P]- 
dCTP, resolved by gel electrophoresis, and visualized by autoradiog- 
raphy. Right lane represents osteocalcin noggin plasmid standard 
(STD). 



expression was under the control of the osteocalcin pro- 
moter, and no obvious abnormalities were noted in extraskel- 
etal tissues. Contact radiography of noggin transgenics re- 
vealed the presence of osteopenia and fractures of long bones 
at 4 -5 wk of age (Fig. 2). Fractures occurred in hbiae, humeri, 
and occasionally in femora, but they were not detected in 
other bones. Of the fractures detected, tibial fractures were 
the most common and noted in virtually all transgenic mice 
overexpressing noggin. The osteopenia was sustained and 
fractures of long bones of upper and lower extremities oc- 
curred for 8-12 wk, and at 24 wk lucent areas of what ap- 
peared poorly healed fractures were noted. Accordingly, 
transgenic mice overexpressing noggin had significant and 
sustained decreases in BMC when compared with wild-type 
controls (Table 1). At 5-24 wk of age, total BMC was 28-37% 
lower in noggin transgenics than in wild-type control mice. 
Although noggin transgenics had reduced skeletal area, total 
BMD in 5- to 24-wk-old noggin transgenics was 15-24% (P < 
0.05) lower than in wild-type controls, indicating a sustained 
decrease in total BMD (Table 1). This decrease was gener- 
alized and observed in total, vertebral, and femoral bones 
(Table 2). At 5 wk of age, the decrease in BMD in transgenic 
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Fig, 2. The upper panel shows a representative skeletal radiograph 
of a 4-wk-old heterozygous transgenic overexpressing noggin and a 
wild-type littermate control mouse. Arrows indicate fractures and 
calluses. The lower panel shows a representative ixCT scan of tra- 
becular bone of an L3 vertebral body from a 4.5-wk-old heterozygous 
transgenic overexpressing noggin, with a BV/TV of 12.1%, and a 
wild-type littermate control, with a BV/TV of 26.7%. Images were 
obtained at a resolution of 18 ;jim, and the cortical shell was artificially 
removed for a better display of trabecular bone. 



TABLE 1. Weight, total BMC, bone area, and BMD of 5- to 24-wk-old transgenics overexpressing noggin and wild-tjrpe littermate mice 



Weeks 


Weight 




BMC 


Skeletal area 




BMD 


Wild-type 


Noggin 


Wild-type 


Noggin 


Wild-type 


Noggin 


Wild-type 


Noggin 


5 


20.6 ± 0.6 


13.3 ± 0.7° 


0.324 ± 0.01 


0.206 ± O.Or 


8.2 ± 0.2 


6.3 ± 0.2° 


0.040 ± 0.001 


0.033 ± 0.001° 


8 


28.0 ± 2.2 


19.5 ± 1.3" 


0.456 ± 0.04 


0.316 ± 0.02° 


9.1 ± 0.5 


7.5 ± 0.3° 


0.050 ± 0.001 


0.042 ± 0.001° 


12 


37.8 ± 1.6 


25.6 ± i.r 


0.611 ± 0.01 


0.383 ± 0.02° 


10.6 ± 0.2 


8.7 ± 0.3° 


0.058 ± 0.003 


0.044 ± 0.001° 


24 


31.4 ± 1.8 


26.0 ± 0.3° 


0.620 ± 0.05 


0.444 ± 0.01° 


10.6 ± 0.4 


9.2 ± 0.1° 


0.058 ± 0.002 


0.049 ± 0.002° 



Weight (g), BMC (g), skeletal area (cm^), and BMD (g/cm^) were obtained from 5-, 8-, 12-, and 24-wk-old noggin heterozygous transgenic mice 
and wild-type littermates. Values are means ± sem (n = 3-14). 
" Significantly different from wild-type controls, P < 0.05. 
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TABLE 2. BMD of 5- to 24-wk-old transgenic overexpressing noggin and wild-tj^e littermate mice 



Weeks 




Total 




Femoral 


Vertebral 


Wild-type 


Noggin 


Wild-type 


Noggin 


Wild-type 


Noggin 


5 


0.040 ± 0.001 


0.033 ± 0.001" 


0.053 ± 0.002 


0,038 ± 0.003" 


0.042 ± 0.001 


0.030 ± 0.002" 


8 


0.050 ± 0.001 


0.042 ± o.oor 


0.067 ± 0.003 


0.049 ± 0.002" 


0.058 ± 0.002 


0.042 ± 0.002" 


12 


0.058 ± 0.003 


0.044 ± 0.001" 


0.081 ± 0.002 


0.058 ± 0.002" 


0.066 ± 0.002 


0.039 ± 0.002" 


24 


0,058 ± 0.002 


0.049 ± 0.002- 


0.079 ± 0,003 


0.061 ± 0.002" 


0.065 ± 0.006 


0.045 ± 0.001" 



BMD was obtained from 5, 8, 12, and 24-wk-old noggin heterozygous transgenic mice and wild-type littermates. BMD is expressed as g/cm^ 
and values are means ± sbm (n = 3-14) of total, vertebral, and femoral BMD. 
" Significantly different from wild-type controls, P < 0.05. 



TABLE 3. Three-dimensional microstructural parameters of 
vertebral bones from 4.5-wk-old mice overexpressing noggin and 
wild-type littermate mice 



Wild-type 



Noggin 



BY/TV (%) 


22.6 


± 


2.2 


12.0 


± 


1.4" 


Trabecular thickness (mm) 


0.052 




0.002 


0.046 




0.009 


Trabecular number (1/mm) 


5.7 




0.2 


4.3 




0.3" 


Trabecular separation (mm) 


0.17 




0.01 


0.24 




0.02" 


Bone surface to volume ratio 


37.7 


■± 


2.9 


45.0 




1.8" 


(1/mm) 















Morphometric indices were obtained by /mCT scanning of vertebral 
bones from 4.5-wk-old noggin heterozygous transgenic mice and wild- 
type littermates. Values are means ± sbm (n = 6-7). 

" Significantly different from wild-type controls, P < 0.05. 

mice was 17% for total BMD, and 28 and 29% for femoral and 
vertebral BMD. 

ptCT" scanning, static and dynamic histomorphometry 

/xCT scanning of the L3 vertebral body revealed decreased 
bone volume due to decreased trabecular number (Table 3 
and Fig. 2). Static and dynamic parameters of bone formation 
and parameters of bone resorption were determined by his- 
tomorphometric analysis of the femur. Cancellous bone vol- 
ume was reduced 70% in noggin transgenic mice, and this 
was due to a reduction in the number of trabeculae, rather 
than a reduction in trabecular thickness (Table 4 and Fig. 3). 
Histomorphometric analysis revealed normal osteoblast and 
osteoclast surfaces in noggin transgenic mice. In accordance, 
the number of osteoblasts per trabecular area was not sig- 
nificantly altered in noggin transgenics at either 4 wk (Table 
4) or 8 wk of age, when osteoblast number/ trabecular area 
was (mean ± se; n == 7-8) 86 ± 8/mm^ in wild-type and 
114 ± 18/mm^ in transgenics. The number of osteoclasts/ 
trabecular area was decreased in noggin transgenics at 4 wk 
(Table 4), but not at 8 wk, when osteoclast number was 4.1 ± 
1.6 in wild-type and 6.3 ± 1.5 (n = 7-8, P > 0.05) in trans- 
genics. The decrease in osteoclasts/bone area observed at 4 
wk of age in noggin transgenics was related to the reduction 
in trabecular bone resulting in areas of bone tissue without 
trabeculae, and therefore without cells. Mineral apposition 
and bone formation rates were reduced by 85% in transgenic 
mice, indicative of a decrease in osteoblastic function (Table 
4 and Fig. 3). 

In noggin transgenic mice, dual labeling with calcein re- 
sulted in diffuse broad labels, at times disorganized, char- 
acteristic of woven bone, suggesting abnormal or incomplete 
mineralization (Fig. 3). In some areas, mineralization fronts 
were visible, and were used to calculate mineral apposition 



rate (Table 4). In addition to the effects on trabecular bone, 
noggin transgenics displayed decreased bone formation in 
cortical bone. Cortical bone formation rate in 4-wk-old wild- 
type was (mean ± sem; n = 7-9) 2.6 ± 0.3 and in transgenic 
mice was 1.1 ± 0.3 fim/zxmM, P < 0.05. Growth plate ar- 
chitecture appeared normal, although in accordance with the 
generalized decrease in bone size, growth plate height and 
width were decreased in noggin transgenics by 20%, P < 
0-05, Consistent with the activity of the osteocalcin promoter, 
the phenotypic impact of noggin overexpression, as deter- 
mined by bone histomorphometry, occurred in the first 4-8 
wk of life and then declined (Fig. 3 and Table 5). Dual calcein 
labeling of 12 wk and 6-month-old transgenics revealed nor- 
mal and organized mineralization fronts and absence of wo- 
ven bone (not shown). 

Discussion 

Our findings demoiwtrate that transgenic mice overex- 
pressing noggin under the control of the osteocalcin pro- 
moter develop decreased trabecular bone volume and os- 
teopenia. The skeletal phenotype, as determined by 
histomorphometry, was evident at 4 and 8 wk of age, a time 
of marked expression of the osteocalcin promoter, but it was 
not observed in older animals, presumably due to a decrease 
in the activity of the osteocalcin promoter (28). However, the 
decrease in bone mineral content, the osteopenia and poor 
healing of fractures persisted for 6 months. The osteopenia 
could be due to more persistent changes in cortical bone, but 
it is more likely due to early changes in bone structure with 
a consequent decrease in bone mineral content. Abnormal 
mineralization would be consistent with the marked initial 
disruption of the bone structure, and poor healing of frac- 
tures could be due to a suppression of BMP activity by 
noggin because BMPs play a role in fracture healing (37). 
However, fractures caused misalignment of bone structures 
that were not corrected, and this also could affect their heal- 
ing. The decrease in trabecular bone volume observed in 
noggin transgenic mice was secondary to a decrease in tra- 
becular number. This appeared to be due to decreased os- 
teoblastic activity because mineral apposition rate was de- 
creased and the number of osteoblasts per trabecular area 
was not decreased significantiy. Furthermore, osteoclast 
number was not increased and bone resorption was not 
visibly affected. The substantial decrease in trabecular bone 
resulted in areas of tissue without trabeculae or cells in nog- 
gin transgenics. However, the number of osteoblasts /bone 
area was not significantly decreased, although the number of 
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TABLE 4. Femoral trabecular bone histomorphometry in 4-wk-old transgenic over expressing noggin and wild-type littermate mice 





Wild-type 


Noggin 


Trabecular relative bone volume (%) 


8.3 ± 2.4 


2.1 ± O.B** 


Trabecular osteoblast surface (%) 


42.5 ± 4.4 


42.4 ± 6.3 


Number of osteoblasts/trabecular area (mm*) 


254 ± 24 


204 ± 19 


Trabecular osteoclast surface (%) 


24.3 ± 1.4 


25.2 ± 8.0 


Number of osteoclasts/trabecular area (mm*) 


13.4 ± 2.3 


5.6 ± 1.2" 


Trabecular thickness (/xm) 


22.1 ± 2.4 


18.8 ± 3.1 


Trabecular number (per mm) 


3.4 ± 0.7 


1.0 ± 0.2° 


Trabecular spacing (/xm) 


688 ±2 


3573 ± 1896 


Mineral apposition rate (/xm/d) 


1.27 ± 0.15 


0.22 ± 0.16" 


Bone formation rate (/im^//Am*/d) 


0.28 ± 0.03 


0.04 ± 0.04" 



Bone histomorphometry was performed on femora from 4-wk-old noggin heterozygous transgenic mice and wild-type littermates. Values are 
means ± sem (n == 7-8). 

" Signiiicantly different from wild-type controls, P < 0.05. 



Fig. 3. Representative undecalcified sections of 
femora from heterozygous transgenics overex- 
pressing noggin and wild-type littermate controls. 
In the upper panel, toluidine blue-stained sections 
were obtained from 4-wk-old mice (final magnifi- 
cation, xlOO). In the middle and lower panels, 
toluidine blue-stained and unstained sections were 
obtained from the same area of 8-wk-old mice given 
sequential doses of calcein. Stained sections were 
visualized at a final magnification of x 40 and un- 
stained sections were visualized by UV light mi- 
croscopy at a final magnification of xiOO. 




Wild Type Noggin 



osteoclasts present in a predefined area of bone were 
decreased. 

The decreased osteoblastic function observed in noggin 
transgenics confirms previous in vitro observations, demon- 
strating that the addition of noggin to cultured calvariae 
results in decreased bone collagen synthesis and alkaline 
phosphatase activity (7). The mechanism of the impaired 
osteoblastic function in noggin transgenics could involve the 



binding and sequestering of BMPs by noggin in the bone 
microenvironment. There was no evidence of systemic ef- 
fects of noggin, outside the skeleton, and immunoreactive 
noggin, as determined by ELISA, was undetectable in serum 
(not shown). The phenotypic changes observed are in agree- 
ment with what would be predicted from blocking the 
known effects of BMPs on osteoblastic function. BMPs have 
modest mitogenic activity in bone and have a more prevalent 
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TABLE 5. Selected histoniorphometric parameters in 4- to 24-wk-old transgenic overexpressing noggin and wild-type littermate mice 



Weeks 


Trabecular bone volume (%) 


Trabecular number (per mm) 


Mineral apposition rate (^m/d) 


Wild-type 


Noggin 


Wild-type 


Noggin 


Wild-type 


Noggin 


4 


8.3 ± 2.4 


2.1 ± 0.5** 


3.4 ± 0.7 


1.0 ± 0.2° 


1.27 ± 0.15 


0.22 ± 0.16° 


8 


11.9 ± 1.7 


5.0 ± 0.7" 


4.1 ± 0.5 


2.1 ± 0.3** 


1.00 ± 0.07 


0.24 ± 0.07° 


12 


11.2 ± 2.2 


9.8 ± 2.8 


3.3 ± 0.5 


3.0 ± 0.6 


0.90 ± 0.16 


0.81 ± 0.21 


24 


6.8 ± 2.5 


5.7 ± 3.6 


2.3 ± 0.5 


1.8 ± 0.8 


Not determined 


Not determined 



Bone histomorphometry was performed on femora from 4- to 24-wk-old noggin heterozygous transgenic mice and wild-type littermates. Values 
are means ± SEM (n = 3-8). 

° Significantly different from wild-type controls, P < 0.05. 



impact on the differentiated function of the osteoblast (4-7). 
However, noggin effects independent of BMPs are possible 
and were not excluded. Previous work has shown that BMPs 
induce the differentiation of mesenchymal cells toward cells 
of the osteoblastic lineage (38), However, our results suggest 
a more significant effect on osteoblastic function than in 
number in noggin transgenics. This is possibly due to the 
model used in the present study because the osteocalcin 
promoter becomes active only following osteoblastic cell 
maturation. Consequently, noggin is not overexpressed be- 
fore the formation of mature osteoblasts, and in this model 
it might not affect the differentiation of immature cells. Re- 
cent work from our laboratory has demonstrated that stro- 
mal cells overexpressing noggin under the control of the 
cytomegalovirus promoter and primary cultures of stromal 
cells from noggin transgenic mice fail to differentiate into 
mature osteoblasts (39). This would confirm a dual role for 
BMPs in osteoblastic differentiation and function. 

Our studies also demonstrate that a decrease in trabecular 
bone volume and osteoblastic function by noggin overex- 
pression can be translated into significant and generalized 
osteopenia and fractures in the mouse. This would suggest 
a role for BMPs in the maintenance of a normal bone struc- 
ture. The validity of the transgenic model used has been 
substantiated by a number of studies including the demon- 
stration of an increase in bone formation by overexpressing 
IGF-I under the control of the osteocalcin promoter, and 
confirmation of the known anabolic actions of IGF I in vitro 
(40). The present studies suggest that noggin may act by 
trapping BMPs in a manner analogous to that described for 
IGF I and its binding proteins. Although we have postulated 
a need to temper the activity of locally produced skeletal 
growth factors, it is important to note that overexpression of 
proteins binding skeletal growth factors can have seriously 
detrimental consequences, such as osteopenia and fractures. 
For instance, transgenic mice overexpressing IGF binding 
protein 5 under the control of the osteocalcin promoter dis- 
play decreased bone formation and osteopenia (31). 

In conclusion, our studies demonstrate that in vivo skeletal 
overexpression of noggin, under the control of the osteocal- 
cin promoter, causes decreased trabecular volume and se- 
vere osteopenia. This appears secondary to impaired osteo- 
blastic function. 
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